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The concept of three-dimensional (3D) printing techniques was a response to ever 
increasing demand for rapid and reproducible prototyping of custom designed 
structures with complex geometries. Soft robotics is a rapidly growing and recent field 
of research that encompasses emerging advances in fabrication and control of the 
behaviour of soft responsive and functional objects, namely actuators, with the focus 
of application on fragile biological environments. By soft materials we specifically 
target polymers with biodegradable nature and stimuli responsive properties. The 
stimuli can be pH, electricity, magnetic field, temperature, or light. This research aims 
to answer the question of how to design and construct soft actuators with custom 
geometrical, functional, and control properties. To tackle this, existing 3D printing 
techniques are utilized to form soft actuators of various materials, particularly shape 
memory polymers (SMP) and polyelectrolyte hydrogels, to investigate and control the 
actuation of 3D structures by regulating the components of the stimuli. This thesis 
provides a novel demonstration of 3D printed soft actuators as a standalone structure 
without external forces and post fabrication processing such as gluing or fastening. 
This thesis, primarily provides an in-depth investigation into appropriate materials for 
3D printing of soft actuators through reviewing the existing soft actuators, and 
proposes materials possessing including printability and functionality. It is concluded 
that biocompatible soft polymers and hydrogels are ideally suited for use as 3D printed 
soft actuators. Further, 3D printed hydrogel-based soft actuators are evaluated in terms 
of material properties, fabrication methods, and stimuli.   
Moreover, 3D printing is utilized for fabrication of self-bending soft actuators with 
potential applications in origami micro-electro-mechanical systems and soft 
electronics. Here, 3D printing is presented as the manufacturing process for fabrication 
of involute soft self-bending actuators. Eliciting mechanical actuation from a planar 
SMP sheet into a 3D shape is realized via 3D printed hydrogels as hinges. Printed 
hydrogels responsive to an external stimulus such as light, heat, or solvents led to 
controlled bending of the soft actuator which is presented as a guide for pattern-driven 
four-dimensional (4D) printing. 
VIII 
 
One-step fabrication of 3D printed soft actuators, which exhibit a dynamic response to 
electrical stimuli, is the other key aim of this research. Therefore, the next phase of 
research primarily focuses on tuning of 3D printer parameters for single step 
fabrication of polyelectrolyte hydrogel actuators, particularly chitosan. Also, 
reversible bending behaviour of the 3D printed soft actuator is studied in comparison 
with those made by conventional methods in terms of functionality and actuation 
performance. 
Final goals of thesis are on modelling and controlling of mechanical actuation of the 
3D printed soft actuators. Observing parametric uncertainties of such actuators, which 
originate from both custom design nature of 3D printing as well as time and voltage 
variant characteristics of polyelectrolyte actuators, necessitates a sophisticated model 
to estimate their behaviour. This thesis presents the development of effective 
modelling and control strategies for the accurate deflection of a 3D printed 
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Chapter 1. INTRODUCTION 
 Research Motivation and Background 
This research is inspired by the term “Four-Dimensional (4D) Printing” [1] in which 
the fourth dimension is deemed as the dynamics variation of structures over the time 
when the free standing three-dimensional (3D) printed assembly is reacting to external 
stimuli such as heat, moisture, light, electricity, or magnetic field. This idea leads to 
design, fabrication, and control of dynamics of active soft structures through 3D 
printing.  
Voxelating soft structures with embedding pixels of responsive materials by using 3D 
printing is a growing trend. A voxel is a volume unit that defines a point in 3D space 
in a similar way as a pixel (picture element) defines a point in two-dimensional space. 
Progress in new materials with programmable stiffness properties, embedded sensing 
and actuation, and custom recipes for rapid fabrication will enable the creation of 
increasingly more capable soft machines. Following the principles of embodied 
artificial intelligence, soft robots may allow us to develop biologically inspired 
artificial intelligence in ways that are not possible with rigid-bodied robots. One of the 
natural advantages of soft-robotic systems is the compatibility of their mechanical 
properties with those of natural tissues for medical and wearable applications. 
Soft robots are being developed to tackle the shortcomings of conventional robots in 
interacting with humans and fragile biological objects. They consist of a collection of 
subsystems such as sensors, actuators, and controllers that together form a robot that 
can safely handle fragile and sensitive entities. Since conventional rigid actuators are 
unsuitable for use in soft robots, soft actuators are being developed to safely 
manipulate delicate objects. Unlike conventional actuators, soft actuators produce 
flexible motion due to integration of microscopic changes at the molecular level, which  
manifest as deflection or volumetric change at macroscopic scale [2]. 
Having several superiorities like less backlash, noise, light and energy loss; one 
distinct advantage of soft actuators compared to rigid counterparts are their ability to 
produce bending movement rather than folding. There is a subtle difference between 
‘bending’ and ‘folding’ though these terms are sometimes used interchangeably. One 
terminology defines folding as localized deformation whereas bending is global [3]. 
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Also, another definition states bending as the “distributed deformation of a material 
along the deflected area that creates curvature” (i.e., distributed curvature) and folding 
as the “localized deformation of a material along crease patterns to create new shapes” 
(i.e., localized curvature along a crease). An illustration to differentiate bending from 
folding is shown in Figure 1.1. Figure 1.1(a) shows folding case, where the ratio of 
yellow to black approaches zero, and Figure 1.1(d) shows bending, where the ratio of 
black to yellow approaches zero. Also, Figure 1.1(e) demonstrates that a series of local 
folds can lead to global bending. 
 
No table of figures entries found.Soft actuators can be classified into several 
subgroups such as thermo-driven [5], electro-driven [6], pH-driven [7], light-driven 
[8], and magneto-driven [9]. Also, different materials like polymers [10], hydrogels 
[11], and elastomers [12], have been used for construction of soft actuators. Moreover, 
majority of the existing soft actuators are fabricated using multistep low yield process 
such as micro-molding [13] and [14], solid freeform fabrication [15], and mask 
lithography [16]. However, these methods require manual fabrication of devices, post 
processing/assembly, and lengthy iterations until maturity in the fabrication is 
achieved. Therefore, developing soft actuators to satisfy both mechanical and control 
properties of soft robots has become a key target of many researchers. 
To that end, 3D printing is opted to be used as an appropriate manufacturing approach 
for effective fabrication of soft actuators compared to subtractive fabrication 
processes. 3D printing is a layer by layer manufacturing technique to produce an object 
with custom design and geometric complexity in a time effective approach. Special 
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soft systems that can be fabricated in a single-step 3D printing, narrow the gap between 
the design and implementation of soft actuators. They also enable incorporation of all 
actuator components into a single structure eliminating the need to use external joints, 
adhesives, and fasteners. These result in a decrease in the number of discrete parts, 
post-processing steps, and fabrication time. 3D printed soft actuators can be devised 
to embed actuation and specific functionality into printable parts during the printing 
stage. Hence, a rigorous control over the materials composition and dynamics are 
required for achieve tunable mechanical, electrical and other functional properties. 
This study is going to focus on mass customization than mass production in the realm 
of soft actuator fabrication. 
 Fabrication processes of 3D printed soft actuators 
Producing any 3D printed soft actuator requires 4 steps, the first being the definition 
of the problem that is the clarification of the need for using a 3D printer for 
constructing the actuator. In other words, the advantages of using 3D printing, like less 
fabrication steps, less material waste, and mass customization of the soft actuators 
should be justified at the earliest step. Secondly, the advantages of using 3D printer 
over conventional manufacturing techniques, such as spatial geometrical control and 
design flexibility, should be justified. Thirdly, the appropriate materials that can 
accomplish the desired characteristics of the final product should be selected 
meticulously. These materials should possess both printability and functionality for 
actuation purposes. Finally, the method of printing should be decided according to the 
material properties, size of structure, vertical movement of nozzle, and thickness of 
layers. The primary procedure of 3D printing starts from computer aided design (CAD) 
where the desired model is envisaged and drawn in a CAD software. Then, the 3D 
model is divided into multiple two-dimensional (2D) stack layers piled up by means 
of a printer jet nozzle depending on the precision of 3D printer in z axis (Figure 1.2). 
A range of common 3D printers using various technologies have been employed for 
constructing the 3D products till now [17] [18] [19] [20] [21]. An extrusion-based 3D 
printer has been opted in this research because of its abilities to fabricate porous 3D 
structures, handle a broad range of materials from hard metals (i.e. ceramics) to soft 
polymers (i.e. hydrogels), provide acceptable control over the resolution of structures, 




Figure 1.2. Fabrication steps of 3D printed soft actuators [23]. 
 Self-bending soft actuators 
The self-folding origami structure is one target of soft actuators having applications in 
micro electro mechanical systems, soft electronics, and biomedical devices. 3D 
printing is a current manufacturing process that can be used for fabrication of involute 
soft self-folding products by means of shape memory polymer (SMP) materials. This 
ability is attractive for applications like facile or autonomous assembly of 3D 
structures to reduce time and cost of deploying the product. 
Eliciting mechanical actuation from a planar sheet into a 3D shape can be realized by 
curvature via cell growth, as in sunflower, or via folding, as in paper sheets. To that 
end, stimulation of active materials embedded in or as part of the main structure of the 
sheet is one practical way. Active materials can change shape (i.e., shrink or expand) 
in response to an external stimulus such as light, heat, or solvents. These responsive 
materials can lead to controlled deformation via a balance of internal stresses where 
they are placed, and their vicinity. However, the extent of deformation is a function of 
several factors. 
SMPs are attractive candidates due to their relatively short response time, higher 
stiffness, and potential responsiveness to a wide range of activation stimuli. Activation 
stimuli for SMPs include heat, light, and electric fields. Heat activated SMPs can 
respond to a variety of heat sources, such as uniform heating, local energy absorption, 
or Joule heating. SMPs can generate discretely folded structures in laminated 
composites or homogeneous sheets. Additionally, heat activated SMPs maintain their 
shape upon removal of the stimulus. Based on these advantages, we sought an 
approach to obtain direct and indirect curvature in thermoplastic SMP sheets by using 
differential shrinking. Hydrogels are active materials that can change shape in response 
to external stimuli, and are therefore good candidates for inducing changes in curvature 
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using direct and indirect mechanisms. Bilayers of hydrogels, or hydrogels patterned 
with stiff regions can produce curved 3D structures due to differential swelling. 
However, hydrogel-based materials generally have a slow response time, low moduli, 
and require continuous solvent exposure to maintain their deformed shape. 
 Polyelectrolyte hydrogel soft actuators 
Electroactive Polymeric (EAP) actuators with the capability of considerable strain and 
fast response time were developed in the early nineties [24]. EAP actuators can be 
divided into two main categories: dry/electronic EAP and ionic EAP actuators. The 
dry EAP actuators are driven by electrostatics/coulomb forces imparted by coating 
electrodes. Leading examples of materials used for dry EAP actuators are dielectric 
elastomers, liquid crystal elastomers, electrostrictive and ferroelectric polymers [25]. 
Ionic EAP actuators work based on transport of ions in response to an external electric 
field. Ionic EAP actuators are also known as wet EAP actuators because of containing 
electrolyte materials sandwiched between electrodes.  
Generally, dry EAP actuators can operate in room temperature conditions for a long 
time, respond at very high frequencies and hold strain under direct current (DC) 
activation [26]. With regards to their performance, they are characterized by large 
actuation stresses, short response time (millisecond), high reliability and durability. 
On the other hand, ionic EAPs can be activated by voltages as low as 1 V and show 
large bending displacements. However, in aqueous systems, they suffer electrolysis at 
>1.23 V, and in air, they require specific electrolytes [24]. In addition, ionic EAPs 
present low responses (less than a second), do not hold strain under DC voltage (except 
for CPs and CNTs), operate at low frequencies (several Hertz) [27] [28]. Another 
significant difference of dry EAP from ionic EAP is that the central membrane must 
be porous to all or selective ionic groups. Because the electric fields in ionic EAP 
actuators are much lower than dry EAP actuators (kV/m for ionic polymers versus 
MV/m for dielectric elastomers), the electrodes used in ionic EAP actuators typically 
have higher conductivity than those used in dry EAP actuators.   
Ionic EAP actuators can also be classified into different groups as polyelectrolyte 
hydrogels, ionic polymer metal composites (IPMC) [29] [30], conducting polymers 
(CP), and carbon nanotubes (CNT). Some renowned candidate polymers for IPMC 
and CP actuators are polypyrrole (PPy) [31] [32], polyaniline (PANi) [33] [34], 
polythiophene (PTh), and poly(3,4-ethylenedioxythiophene) (PEDOT) [35]. 
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Polyelectrolyte hydrogels are also hydrogels that are affected by changes in 
temperature, pH, light, pressure, ionic strength, and electric field [36]. When pH 
sensitive polyelectrolyte hydrogels is placed in a salt solution between two electrodes, 
the anode produces oxygen and the cathode produces hydrogen which, in turn, leads 
to a pH differential between the cathode and anode, causing the ionic gels to bend [37]. 
Polyelectrolyte hydrogels show an electro-osmotic swelling response as a function of 
charge density and external salt concentration [36]. The electro-osmotic effect is 
established when the electric field distributes the mobile ions asymmetrically between 
the gel and solution, inducing osmotic pressure differences that deform the gel. 
Immersing hydrogel structure in polyelectrolyte solution creates a chemical gradient 
between the mobile ions in the solution and the mobile counterions within the gel. 
Chitosan chains contains both carboxylic acid (-COOH) and amine (-NH2) pendant 
groups. Under alkaline condition, each component on the film must carry negative ions 
or stay neutralized. Therefore, carboxylic moieties deprotonate to form negatively 
charged carboxylate groups. Once the current is applied, the external field made 
between cathode and anode electrodes creates chemical potential that causes the 
electrolyte counter ions (Na+ and OH-) to migrate toward electrodes of opposite 
charges. In the middle of the way, however, the negatively charged chitosan film is 
placed that allows selective diffusion of Na+ but blocks the of OH- ions to cross over. 
This condition eventuates in rapid increase of the OH- concentration on one side of the 
film that faces the negative electrode. The chitosan film then acts as a semipermeable 
membrane for which the difference in concentration of hydroxyl ions on different sides 
of the membrane causes the increase in osmotic pressure across the membrane. 
Therefore, the chitosan membrane swells and the film bends towards the negative 
electrode (cathode). This phenomenon is known as Donnan effect. According to the 
Donnan equilibrium, the number of oppositely charged ions on each side of the 
gel/solution interface remains balanced to maintain electroneutrality within the 
system. At equilibrium, the chemical potential of the ions inside the gel equal to the 






 Research Significance 
The design and development of soft robots comprise a two-step iterative process 
involving model-based exploration and prototype manufacturing. The design 
exploration step typically uses various CAD tools and other finite element analysis 
software. These methodologies, albeit very useful and instrumental as design tools, do 
not provide complete insight into cases where robot-environment interaction need to 
be taken into account and are difficult to model and simulate, e.g. terrestrial or aqueous 
environments. This limitation can be circumvented by rapid 3D printing that will 
accommodate physical design variations and prototype testing [40]. The intrinsic 
nature of soft robots requires soft actuators, which can perform the roles of both 
actuator and structural body of the soft robot. Thus, developing soft actuators that 
possess actuating feature as well as suitable mechanical properties is the primary 
requirement of soft robotics. 
This research will introduce new types of soft actuators fabricated using 3D printing. 
Materials featuring stimuli responsive behavior are considered for their potential as 
soft responsive materials for 3D printing. Biodegradable, biocompatible, and soft 
polymers possess suitable features, which enable them to be used in soft actuators and 
robotics. After the selection of materials, fabrication of soft actuators by means of 3D 
printing is explored.  To date, several studies have been conducted to design soft robots 
from rubbers like silicones, but little attention paid to single step fabrication of natural 
hydrogels. As hydrogels are mostly composed of water, they are safer to use in 
biomedical applications. Whilst attempts at various manufacturing processes such as 
gluing and fastening have been made in actuator fabrication; this research aims to 
achieve one-step fabrication of 3D printed soft actuators with subsequent control of 
the movement. A major part of this study focuses on modelling and controlling of 
stimuli components for the developed 3D printed soft actuators.  
 Research Question and Objectives 
How to 3D print soft actuators with custom geometrical, functional, and control 
properties? 
This research aims to answer firstly the feasibility of incorporating 3D printing 
technology in the manufacturing of soft actuators. Afterwards, characterization, and 
motion control of custom designed 3D printed soft actuators from design to final 
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product are carried out. The significance of addressing the proposed research question 
is that it will provide a novel approach to custom design and motion control of soft 
actuators made by a one-step fabrication process using the 3D printing technology. 
To envisage a traceable path for achieving the goal of this research, the study is divided 
into smaller tasks as follows: 
Objective 1:  
To explore the actuation behaviour of functional materials responsive to appropriate 
stimuli.  
Objective 2: 
To investigate the printability of the responsive materials by adjustment of the 3D 
printer parameters. 
Objective 3: 
To characterise the actuation behaviour of 3D printed soft actuators.  
Objective 4:  
To explore a system identification model, and control the mechanical behaviour of the 
actuators 
 Synopsis and Structure of the Thesis 
A concept map is provided in Figure 1.3 to guide the reader through the thesis by 
showing the progression and interrelationship between chapters.  Chapter 1 introduces 
the research question and outline of the thesis. The idea of the application of 3D 
printing in soft robotics, particularly soft actuators, is presented in this chapter Design 
and development of a completely 3D printed soft actuator with custom functional 
geometry and controllability are discussed. Chapter 2 is a feasibility study by 
reviewing recently developed 3D printed actuators in terms of their materials and 
stimuli. It is identified that SMP’s and hydrogels are suitable candidates for the 
purposes of this thesis. Infrared light and electricity are determined to be the stimuli 
for controlling purposes (Objective 1). Chapter 3 focuses on the light stimulated 3D 
printed actuator and mainly elaborated on origami and self-bending actuators 
(Objectives 2, 3, and 4). Chapter 4 specifically studies the development of 3D printed 
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polyelectrolyte soft actuators based on electrical stimulus and their characterization by 
considering major factors influencing their actuation performance (Objective 2 and 
Objective 3). Chapter 5 introduces application of 3D printed soft actuators in intricate 
mechanisms by developing a completely 3D printed soft parallel actuator (Objective 
2 and Objective 3). Chapters 6 and 7 explore system identification, modelling and 
control approaches for predicting and controlling the mechanical behavior of the 3D 
printed polyelectrolyte soft actuators (Objective 4). Chapter 8 completes the thesis by 
a discussion of the significance of the key findings, along with areas for future research 
and recommendations. 
To fulfil these objectives, this research limits the broad domain of study on 3D printed 
soft actuators to the following sections: 
• Fabrication and controllability of the self-actuation behavior of printable materials 
are considered. The rheology of the polymer melt/solution is not studied in detail. 
• Soft responsive hydrogel polymers such as chitosan and gelatin are the addressed 
materials in this study. 
• Infrared light and electricity are the stimuli for actuation. 
• Low voltage range actuation (0-10 V) is aimed in this study. 
• Extrusion based 3D bioprinter is used for layer by layer fabrication. 
An additional diagram of the thesis structure with respect to the research question and 






































Figure 1.3. Concept map of thesis. 
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 Thesis Contributions and Organizations 
This thesis is based on publications that are organized in eight chapters. The 
organization and contributions of the remaining chapters of the thesis are as follows: 
 Appropriate materials and stimuli for 3D printed soft actuators 
Chapter 2 provides an in-depth investigation of appropriate materials for 3D printing 
of soft actuators through reviewing the existing 3D printed actuators, and proposing 
the prospect materials possessing both printability and functionality to be used for this 
purpose.  
First section of Chapter 2 is the first classification of 3D printed soft actuators based 
on their fabrication techniques and functionalities. A rigorous review of 3D printed 
soft actuators is made in terms of their advantages and disadvantages considering 
power density, elasticity, strain, stress, operation voltage, weight, size, response time, 
controllability, and biocompatibility. It is inferred that the integration of the 3D 
printing technology and hydrogel materials enables new possibilities in the production 
of customized soft actuators for a range of real-world applications.  
Second section of Chapter 2 narrows down the investigations to hydrogels as 3D 
printed soft actuators and reviews in terms of their material types, fabrication methods, 
and stimuli. Also, the reviewed 3D printed hydrogel soft actuators are discussed 
focusing on their external stimuli and control abilities. 
 3D printing of self-folding soft actuators 
Chapter 3 focuses on 3D printing of a self-folding origami structure as a type of soft 
actuator that has applications in micro-electro-mechanical systems, soft electronics, 
and biomedical devices. 3D printing is a current manufacturing process that can be 
used for fabrication of involute soft self-folding products by means of shape memory 
polymer materials. A method for developing photothermal self-folding soft actuator 
using a 3D Bioplotter is presented in this chapter.  
In the first part of Chapter 3, the heat responsive polymers (i.e. polystyrene) are chosen 
amongst the materials with capability of printing and forming into a self-folding photo-
thermal soft actuator. Easily accessible and inexpensive pre-strained polystyrene is 
opted for the backbone of the actuator. The polystyrene (PS) film is then structured in 
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a hand-shaped gripper. Chitosan hydrogel and carbon black are combined to form an 
ink for printing active hinges on the hand gripper. Various active hinges with different 
widths and thicknesses are printed on the hand gripper using the 3D Bioplotter. An 
infra-red (IR) heating lamp is placed at a reasonable distance to emit IR light uniformly 
on the hand gripper. The temperature distribution on the hand gripper is observed using 
a thermographic camera and the bending angles of the samples recorded by a video 
camera. It is observed that the bending angles of the hand fingers depend on factors 
such as the intensity of the heat flux generated by the IR light intensity, distance, and 
onset temperature, geometry of the fingers such as width, thickness and area of the 
printed hinges. 
The second part of Chapter 3  proposes a pattern-driven 4D printing technique. This 
section presents a study of the features merely imparted by 3D printing fabrication in 
control of self-folding actuators. It is shown that 3D printing control parameters such 
as different spatial patterns of hinges affect the response time and bending angle of the 
actuator. A polystyrene (PS) pane as a representative of thermo-responsive shape 
memory polymers is used as the main material for being remotely stimulated via light 
emission while the actuation hinges are made of printed chitosan hydrogel ink. The 
hinges function as a heat source to absorb light, particularly the infrared light, convert 
light energy to thermal energy and cause the underlying printed area to heat up faster 
than the unprinted area leading to actuation due to thermal stress gradients. A 
parametric study of physical properties of polymer pane incorporating 3D printed 
patterns is conducted. Also, experimental tests are carried out to validate the proposed 
parametric model. The proposed model predicts the final shape of of the actuator with 
excellent agreement with experimental studies. The validated results can provide 
guidelines for the design of functional, self-bending actuators using 3D printing. 
 3D printing of polyelectrolyte soft actuators 
Chapter 4 demonstrates a novel systematic approach to introduce directional properties 
in hydrogels towards the new generation of 3D printed soft actuators. A 3D printed 
soft hydrogel actuator with contactless electrodes is presented for the first time. It is 
observed that the contactless electroactive 3D printed soft actuator demonstrates a 
bending angle and reversibility through polarity changes of electrodes over several 
cycles in the electrolyte solution. 
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In the first part of Chapter 4, polyelectrolyte hydrogels, particularly chitosan, is opted 
for as a good candidate for implementation of 3D printed soft actuators since they have 
shown mechanical motion in response to electrical stimulus. However, their customary 
fabrication process has thus far hindered their applicability in a broad range of 
controlled folding behaviors. Initially chitosan is opted as the polyelectrolyte for ink 
preparation of 3D printing as it possesses both printability and stimuli response. The 
printing parameters are optimized for fabrication of desired geometrical model and the 
printing effects on actuation performance are analyzed. It is demonstrated that 
increasing the surface to volume ratio by 3D printing improves the functionality of the 
actuation in the form of higher deflection rate and scale compared to a cast film 
hydrogel actuator.  
The second part of Chapter 4 presents a study on fine tuning of 3D printer parameters 
for reproducible printing of soft actuators with specific focus on polyelectrolyte 
hydrogels. Electro responsive hydrogels (i.e. porcine gelatin and chitosan) are 
examined for both 3D printing and reversible actuation to electrical stimulus.  
Having known that there are several parameters affecting the print quality of soft 
responsive materials, the optimized values of 3D Bioplotter settings should be adjusted 
so as achieve a mesh structure with acceptable mechanical properties and 
mathematically defined porosity. To achieve reasonable resolutions, the (re)gelation 
needs to be rapid enough to ensure shape stability of the printed construct. Ideally, the 
resulting structure is self-supporting, and no post processing treatment is needed for 
mechanical stabilization. The lack of geometrical constraints and the need for rapid 
gelation to ensure shape fidelity is the most significant and at the same time the most 
challenging aspect for printing hydrogels. Ability to orient  filaments in consecutive 
layers of materials is another benefit of 3D printer for responsive material [34]. 
Swelling of the extrudite needs to be considered for high resolution printing using 3D 
Bioplotter. Usually, by adjusting the process parameters mainly the deposition speed 
it is possible to compensate for this effect at least to some extent. To achieve shape 
fidelity, the material must undergo a rapid structural change and keep its shape after 
dispensing. The faster the material gellifies after extrusion the higher the resolution of 
the resulting structure. Effective parameters to consider for 3D printing of soft 
functional materials are listed as follows: 
• Needle size 
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• Needle offset 
• Height offset 
• Speed 
• Pressure 
• Needle temperature 
• Platform temperature 
• Pre-flow delay 
• Post-flow delay 
 3D printed soft parallel actuators 
Chapter 5 takes 3D printing of soft actuators to a more sophisticated level where a 3D 
printed soft parallel contactless actuator is developed for the first time. The actuator 
involves an electro-responsive parallel mechanism made of two segments namely 
active chain and passive chain both 3D printed. This mechanism is made by means 
two different 3D printers. The actuator’s active links are printed using an extrusion-
based 3D-Bioplotter with polyelectrolyte hydrogel as printer ink while the actuator’s 
rigid links are printed by a 3D fused deposition modelling (FDM) printer with 
acrylonitrile butadiene styrene (ABS) as print material. The kinematics model of the 
soft parallel actuator is derived via transformation matrices notations to simulate and 
determine the workspace of the actuator. The printed soft parallel actuator is then 
immersed into NaOH solution with specific voltage applied to it via two contactless 
electrodes. The experimental data is then collected and used to develop a parametric 
model to estimate the end-effector position and regulate kinematics model in response 
to specific input voltage over time. 
 Modelling and system identification of 3D printed soft actuators 
Chapter 6 focuses on the modelling of a 3D printed soft actuator. Although it is 
convenient to use physical modelling to develop and optimize the soft actuators, it 
lacks practicality when it comes to control applications. Due to parametric 
uncertainties of such actuators, which originate in both custom design nature of 3D 
printing as well as time and voltage variant characteristics of polyelectrolyte actuators 
a demand for an appropriate modeling strategy amenable to a scalable fabrication 
method based on additive manufacturing and especially 3D printing arises. Such a 
model should incorporate programmable mechanical (e.g. tunable stiffness and 
damping), electrical (e.g. resistance and capacitance) and rheological (e.g. tunable 
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viscoelastic moduli and stress relaxation modulus) properties of 3D printed soft 
actuators. Finite element model of volumetric pixel based dynamics structures like 3D 
printed soft actuators have the advantage of control over various discontinuities, such 
as flexural rigidity and functional material concentration throughout the actuator, 
imparted by 3D printing. The finite element formulation allows modeling of large 
deformations using a relatively limited number of elements. 
The first part of Chapter 6 proposes a control oriented modelling of a 3D printed 
polyelectrolyte soft actuator. Initially, system identification of the 3D printed soft 
actuator is conducted by devising a data acquisition set up. Having provided all these 
data, an effective modelling strategy for the deflection of a 3D printed polyelectrolyte 
soft actuator undergoing bending when stimulated by an electrical signal is 
implemented. The model is composed of two parts, namely electrical and mechanical 
dynamic models. The electrical model describes the actuator as a resistive-capacitive 
(RC) circuit, whereas the mechanical model relates the stored charges to the bending 
displacement of actuator tip. The experimental results have been acquired to estimate 
the transfer function parameters of the developed model incorporating T-S fuzzy sets. 
The model is used successfully in estimation of the end-point trajectory of the actuator 
especially in response to a broad range of input voltage variation.  
In the second part of Chapter 6, a finite element model considering the printed actuator 
as a discretized system connected by spring–damping elements (SDEs) is developed 
in addition to earlier used grey box model undergoing large bending deformations. The 
experimental results show the accuracy of the model, particularly under large voltages 
and actuation bending. The discrete modelling strategy can be simply extended to other 
3D printed hydrogel actuator systems where discrete mechanical pixels are imposed 
by 3D printing. 
 Robust bending control of a 3D printed soft actuator with uncertain model 
Chapter 7 studies bending and endpoint position control of the 3D printed soft actuator. 
This research uses a grey box modelling strategy for dynamic analysis of 3D printed 
polyelectrolyte actuators, which undergo large bending deformations that in 
association with uncertainties such as back relaxation and time varying characteristics 
lead to deviation of the proposed model from experimental results. Thus, a robust 
feedback control is needed for more accurate bending control of the 3D printed 
polyelectrolyte actuators. In this study a sliding mode control scheme is developed 
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with the incorporation of Takagi–Sugeno (T-S) fuzzy modelling of a class of complex 
3D printed soft actuator system. It is shown that a set of extreme fuzzy subsystems are 
first derived for modelling purpose of the actuator; then, a constructive sliding mode 
control law is developed to guarantee the stability of the closed-loop fuzzy system and 
model uncertainties. Further, the proposed modelling approach is validated by 
experimental data, and the results are discussed. 
 Summary and future directions 
Chapter 8 concludes the thesis with a summary and discussion of contributions and 



















 Experimental Requirements  
The main experimental and software requirements for conducting the research 
proposed in this thesis are listed in Table 1.1. 
Table 1.1. Experimental instruments. 
Purposes Instruments Icons 
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Chapter 2. APPROPRIATE MATERIALS AND STIMULI FOR 
3D PRINTED SOFT ACTUATORS 
This chapter provides an in-depth investigation on appropriate materials for 3D 
printing of soft actuators through reviewing the 3D printed actuators developed up 
until now, and proposing the prospect materials possessing both printability and 
functionality to be used for this purpose.  
This chapter is presented in the form of two published papers: 
1. Ali Zolfagharian, Abbas Z. Kouzani, Sui Yang Khoo, Amir Ali Amiri 
Moghadam, Ian Gibson, Akif Kaynak “Evolution of 3D printed soft actuators”, 
Sensors and Actuators A: Physical, 250, 2016, 258–272. (Impact Factor: 2.5, Q1). 
http://www.sciencedirect.com/science/article/pii/S0924424716305064 
 
2. Ali Zolfagharian, Abbas Z Kouzani, Sui Yang Khoo, Ian Gibson, and Akif 
Kaynak “3D printed hydrogel soft actuators”, in the Proceedings of Region 10 
Conference (TENCON), 2016 IEEE, Singapore, 2016. 
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7848433 
The first paper entitled “Evolution of 3D Printed Soft Actuators” investigates the 
common processes, mechanisms, and materials used in 3D printing of actuators. Also, 
applications of such actuators in diverse areas, their advantages and disadvantages in 
terms of power density, elasticity, strain, stress, operation voltage, weight, size, 
response time, controllability, and biocompatibility are discussed.  
The second paper entitled “3D Printed Hydrogel Soft Actuators” narrows down the 
research to utilization of hydrogel polymers for 3D printing of soft actuators and 
reviews them in terms of their material types, fabrication methods, external stimuli and 
























































































































































































































































Chapter 3. 3D PRINTING OF A SELF-BENDING SOFT 
ACTUATOR  
This chapter focuses on 3D printing of a self-folding origami structure as a type of soft 
actuator that has applications in micro-electro-mechanical systems, soft electronics, 
and biomedical devices. 3D printing is a current manufacturing process that can be 
used for fabrication of involute soft self-folding products by means of shape memory 
polymer materials. A method for developing photothermal self-folding one directional 
origami type soft actuator using a 3D Bioplotter is presented in this chapter.  
This chapter is presented in the form of two published papers: 
1. Ali Zolfagharian, Abbas Z Kouzani, Bijan Nasri-Nasrabadi, Scott Adams, Sui 
Yang Khoo, Michael Norton, Ian Gibson, and Akif Kaynak “3D printing of a Photo-
thermal Self-folding Actuator", in Proceedings of KnE Engineering 2(2): 15-22, 
Australia, 2016. 
http://knepublishing.com/index.php/KnE-Engineering/article/view/590/1862 
2. Ali Zolfagharian, Akif Kaynak, Sui Yang Khoo, Abbas Z Kouzani,” Pattern-
Driven 4D Printing”, Sensors and Actuators A: Physical, 274, 2018, 231-243. (Impact 
Factor: 2.5, Q1). 
https://www.sciencedirect.com/science/article/pii/S0924424718300621  
The first paper entitled “3D Printing of a Photo-Thermal Self-Folding Actuator” 
employs a heat responsive polymer (i.e. polystyrene) with capability of printing, for 
developing a self-folding photo-thermal soft actuator. Easily accessible and 
inexpensive pre-strained polystyrene is opted for the backbone of the actuator. The 
polystyrene (PS) film is then structured in a hand shape gripper. Chitosan hydrogel 
and carbon black were combined to form an ink for printing active hinges on the hand 
gripper. Various active hinges with different widths and thicknesses are printed on the 
hand gripper using the 3D Bioplotter. An infra-red (IR) heating lamp is placed at a 
reasonable distance to emit IR light uniformly on the hand gripper. The temperature 
distribution on the hand gripper is observed using a thermographic camera and the 
bending angles of the samples are recorded by a video camera. It is observed that the 
bending angles of the fingers depend on factors such as the intensity of the heat flux 
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generated by the IR light intensity, distance, and onset temperature, geometry of the 
fingers such as width, thickness and area of the printed hinges. 
The second paper entitled “Pattern-driven 4D Printing” studies the features merely 
imparted by 3D printing fabrication in control of self-folding actuators. It is shown 
that 3D printing control parameters such as different spatial patterns of hinges affect 
the response time and bending angle of the actuator. A polystyrene (PS) pane as a 
representative of thermo-responsive shape memory polymers is used as the main 
material for being remotely stimulated via light emission while the actuation hinges 
are made of printed chitosan hydrogel ink. The hinges function as a heat source to 
absorb a wide range of light, particularly the infrared light, convert light energy to 
thermal energy and cause the underlying printed area to heat up faster than the 
unprinted area leading to actuation due to thermal stress gradients. A parametric study 
of physical properties of polymer pane incorporating 3D printed patterns is conducted. 
Also, experimental tests carried out to validate the proposed parametric model. The 
proposed model predicts the final shape of of the actuator with excellent agreement 
with experimental studies. The validated results can provide guidelines for the design 












































































































































































Chapter 4. 3D PRINTING OF POLYELECTROLYTE SOFT 
ACTUATORS 
This chapter demonstrates a novel systematic approach to introduce directional 
properties in hydrogels towards new generations of 3D printed soft actuators. A 3D 
printed soft hydrogel actuator with contactless electrodes is presented for the first time. 
It is observed that the contactless electroactive 3D printed soft actuator demonstrates 
a bending angle and reversibility through polarity changes of electrodes over several 
cycles in the electrolyte solution. 
This chapter is presented in the form of two following published papers: 
1. Ali Zolfagharian, Abbas Z Kouzani, Sui Yang Khoo, Bijan Nasri-Nasrabadi, 
Akif Kaynak “Development and Analysis of a 3D Printed Hydrogel Soft Actuator”, 
Sensors and Actuators A: Physical, 265, 2017, 94-101. (Impact Factor: 2.5, Q1). 
http://www.sciencedirect.com/science/article/pii/S092442471730746X  
 
2. Ali Zolfagharian, Ali Kaynak, Sui Yang Khoo, Abbas Z Kouzani, 
“Polyelectrolyte Soft Actuators: 3D Printing Chitosan and Cast Gels”, 3D Printing 
and Additive Manufacturing, 5(2), 2018, 138-150. (Impact Factor: 3.4, Q1). 
https://www.liebertpub.com/doi/10.1089/3dp.2017.0054 
The first paper entitled “Development and Analysis of a 3D Printed Hydrogel Soft 
Actuator” studies polyelectrolyte hydrogels, particularly chitosan for implementation 
of 3D printed soft actuators since they have shown mechanical motion in response to 
electrical stimulus. However, their customary fabrication process has thus far hindered 
their applicability in a broad range of controlled folding behaviors. Initially chitosan, 
being both printable and stimuli responsive, is opted for the ink preparation of 3D 
printing. The printing parameters are optimized for fabrication of desired geometrical 
model and the printing effects on actuation performance is analyzed. It is demonstrated 
that increasing the surface to volume ratio during 3D printing improves the 
functionality of the actuation in the form of higher deflection rate and scale compared 
to a cast film hydrogel actuator.  
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The second paper entitled “Polyelectrolyte Soft Actuators: 3D Printing Chitosan and 
Cast Gels” studies fine tuning 3D printer parameters for reproducible printing of soft 
actuators with specific focus on polyelectrolyte hydrogels. Electro responsive 
hydrogels (i.e. porcine gelatin and chitosan) are examined for both 3D printing and 
reversible actuation to electrical stimulus.  
As there are several parameters affecting the print quality of soft responsive materials, 
the optimized values of 3D Bioplotter setting should be adjusted so as achieve a mesh 
of structure with acceptable mechanical properties and mathematically defined 
porosity. To achieve reasonable resolutions, the (re)gelation needs to be rapid enough 
to ensure shape stability of the printed construct. Ideally, the resulting structure is self-
supporting, and no post processing treatment is needed for mechanical stabilization. 
The lack of geometrical constraints and the need for rapid gelation to ensure shape 
fidelity is the most significant and at the same time the most challenging aspect for 
printing hydrogels. Orienting the materials filaments in order is another benefit of 3D 
printer for responsive material [34]. Swelling of the extrudates especially needs to be 
considered for high resolution printing using 3D Bioplotter. It is possible to 
compensate this effect, at least to some extent, by adjusting the process parameters, in 
particular the deposition speed. To achieve shape fidelity, the material must undergo a 
rapid structural change and keep its shape after dispensing. The faster the material 
gellifies after ejection the higher the resolution of the resulting structure [34]. Effective 
parameters to consider for 3D printing of soft functional materials are listed as follows: 
• Needle size 
• Needle offset 
• Height offset 
• Speed 
• Pressure 
• Needle temperature 
• Platform temperature 
• Pre-flow delay 






































































































































































































































Chapter 5. 3D PRINTED SOFT PARALLEL ACTUATOR 
This chapter takes 3D printing of soft actuators to a more sophisticated level where a 
3D printed soft parallel contactless actuator is developed for the first time. The actuator 
involves an electro-responsive parallel mechanism made of two segments namely 
active chain and passive chain both 3D printed. This mechanism is made by means 
two different 3D printers. The actuator’s active links are printed using an extrusion-
based 3D Bioplotter with polyelectrolyte hydrogel as printer ink while the actuator’s 
rigid links are printed by a 3D fused deposition modelling (FDM) printer with 
acrylonitrile butadiene styrene (ABS) as print material. The kinematics model of the 
soft parallel actuator is derived via transformation matrices notations to simulate and 
determine the workspace of the actuator. The printed soft parallel actuator is then 
immersed into NaOH solution with specific voltage applied to it via two contactless 
electrodes. The experimental data is then collected and used to develop a parametric 
model to estimate the end-effector position and regulate kinematics model in response 
to specific input voltage over time. 
This chapter is presented in the form of following published paper: 
1. Ali Zolfagharian, Abbas Z Kouzani, Sui Yang Khoo, Amin Noshadi, Akif 
Kaynak, “3D Printed Soft Parallel Actuator”, Smart Materials and Structures, 27(5), 
2018, 045019. (Impact Factor: 2.9, Q1). 
http://www.sciencedirect.com/science/article/pii/S092442471730746X  










































































































































Chapter 6. MODELLING OF A 3D PRINTED SOFT ACTUATOR 
Chapter 6 focuses on the modelling of a 3D printed soft actuator. Despite convenience 
of physical modelling to develop and optimize the soft actuators, it lacks practicality 
when it comes to control applications. Due to parametric uncertainties of such 
actuators, which originate in both custom design nature of 3D printing, as well as time 
and voltage variant characteristics of polyelectrolyte actuators, there is a demand for 
an appropriate modeling strategy amenable to a scalable fabrication method based on 
additive manufacturing and especially 3D printing. Such a model should incorporate 
programmable mechanical (e.g. tunable stiffness and damping), electrical (e.g. 
resistance and capacitance) and rheological (e.g. tunable viscoelastic moduli and stress 
relaxation modulus) properties of 3D printed soft actuators. Finite element model of 
volumetric pixel based dynamics structures like 3D printed soft actuators have 
advantage of control over various discontinuities, such as flexural rigidity and 
functional material concentration throughout the actuator, imparted by 3D printing. 
The finite element formulation allows modeling of large deformations using a 
relatively limited number of elements. 
This chapter is presented in the form of two papers: 
1. Ali Zolfagharian, Akif Kaynak, Sui Yang Khoo, Jun Zhang, Seid Nahavandi, 
and Abbas Kouzani, “Control Oriented Modelling of a 3D Printed Soft Actuator", 
under review by Materials. (Impact Factor: 2.5, Q2). 
https://www.mdpi.com/journal/materials/special_issues/srpsrmta 
 
2. Ali Zolfagharian, Abbas Z Kouzani, Amir Ali Amiri Moghadam, Sui Yang 
Khoo, Saeid Nahavandi and Akif Kaynak, “Rigid Elements Dynamics Modelling of a 




The first paper entitled “Control Oriented Modelling of a 3D Printed Soft Actuator” 
proposes a control oriented modelling of a 3D printed polyelectrolyte soft actuator. 
Initially, system identification of the 3D printed soft actuator is conducted by devising 
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a data acquisition set up. Having provided all these data, an effective modelling 
strategy for the deflection of a 3D printed polyelectrolyte soft actuator undergoing 
bending when stimulated by an electrical signal is offered. The proposed model is 
composed of two parts, namely electrical and mechanical dynamic models. The 
electrical model describes the actuator as a resistive-capacitive (RC) circuit, whereas 
the mechanical model relates the stored charges to the bending displacement of 
actuator tip. The experimental results have been acquired to estimate the transfer 
function parameters of the developed model incorporating T-S fuzzy sets. The 
proposed model is used successfully in estimation of the end-point trajectory of the 
actuator especially in response to a broad range of input voltage variation.  
The second paper entitled “Rigid Elements Dynamics Modelling of a 3D Soft Printed 
Actuator” develops a finite element model considering the printed actuator as a 
discretized system connected by spring–damping elements (SDEs) in addition to the 
earlier used grey box model undergoing large bending deformations. The experimental 
results show the accuracy of the proposed model, particularly under large voltages and 
actuation bending. The proposed discrete modelling strategy can be simply extended 
to other 3D printed hydrogel actuator systems where discrete mechanical pixels are 

































































































































































































































































































































































































































Chapter 7. BENDING CONTROL OF A 3D PRINTED SOFT 
ACTUATOR WITH UNCERTAIN MODEL 
This chapter studies bending and endpoint position control of the 3D printed soft 
actuator. This research uses a grey box modelling strategy for dynamic analysis of 3D 
printed polyelectrolyte actuators, which undergo large bending deformations that in 
association with uncertainties such as back relaxation and time varying characteristics 
lead to deviation of the proposed model from experimental results. Thus, a robust 
feedback control is needed for more accurate bending control of the 3D printed 
polyelectrolyte actuators. In this study a sliding mode control scheme is developed 
with the incorporation of Takagi–Sugeno (T-S) fuzzy modelling of a class of complex 
3D printed soft actuator system. It is shown that a set of extreme fuzzy subsystems are 
first derived for modelling purpose of the actuator; then, a constructive sliding mode 
control law is developed to guarantee the stability of the closed-loop fuzzy system and 
model uncertainties. Further, the proposed modelling approach is validated by 
experimental data, and the results are discussed. 
This chapter is presented in the form of following paper: 
1. Ali Zolfagharian, Akif Kaynak, Sui Yang Khoo, Malith Maheepala, Abbas Kouzani, 
“Bending Control of a 3D Printed Soft Actuator with Uncertain Model”, under review by 






Introduction of 3-dimensional (3D) printing in fabrication of soft actuators and 
increasing applications of intriguing products in soft robotics have led to studies on 
electrically controllable 3D printed soft actuators. Therefore, a demand for a precise 
and computationally efficient model for bending control of the 3D printed soft 
actuators has arisen. This paper used a grey box modelling strategy for dynamic 
analysis of 3D printed polyelectrolyte actuators, which undergo large bending 
deformations that in association with uncertainties such as back relaxation and time 
varying characteristics lead to deviation of the proposed model from experimental 
results. Thus, a robust feedback control is needed for more accurate bending control 
of the 3D printed polyelectrolyte actuators. In this study a sliding mode control scheme 
is developed with the incorporation of Takagi–Sugeno (T-S) fuzzy modelling of a class 
of complex 3D printed soft actuator system. It is shown that a set of extreme fuzzy 
subsystems are first derived for modelling purpose of the actuator; then, a constructive 
sliding mode control law is developed to guarantee the stability of the closed-loop 
fuzzy system and model uncertainties. Further, the proposed modelling approach is 
validated by experimental data, and the results are discussed. 
Keywords: Soft robot; soft actuator; robust control; 3D print 
Introduction 
The current advancements in soft robotics strongly depends on the progress in the soft 
actuator technology and the development of smart materials (also known as active 
materials) which are compliant with additive manufacturing techniques. Soft robots 
require structural materials as well as responsive (or active) materials as integral part 
to function in response to environmental stimuli like heat, light, electricity, and 
magnetic field [1-3].  
Up until very recently, soft actuators were fabricated with conventional manufacturing 
techniques such as injection molding, electrodeposition, electrospinning, casting, and 
even subtractive manufacturing methods. Injection molding has low flexibility and 
limited custom design possibilities as the use of a mold limits the flexibility in 
prototyping new geometries; a new mold needs to be manufactured for every specific 
soft robot design. Multi-material manufacturing would also be impractical when 
casting into molds [4] [5]. Electrodeposition has been the usual method of choice to 
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produce conducting polymers used  for the soft actuating purposes [6]. While this 
provides a convenient and controllable method for coating conductive substrates, it is 
limited in its ability to produce thin (<1 mm) uniform layers with many polymers of 
interest and it is difficult to achieve control over spatial distribution of conducting 
polymers on a range of substrates – conductive or non-conductive, porous or 
nonporous. Therefore, additive manufacturing and particularly 3D printing has drawn 
soft robotics researchers’ attention as it does not require molding and post-processing 
operations. In addition to manufacturing advantages, 3D printing can also be used as 
a very powerful tool complementing the simulation of soft actuators and soft robots by 
facilitating quick analogous manufacturing. This is very useful for the cases where the 
robot-environment interaction (e.g. terrestrial locomotion) is difficult to simulate [4]. 
As part of 3D printing fabrication of soft actuators from responsive polymers, 3D bio 
printing has recently been employed to fabricate hydrogel actuators with multi-
material compositions and spatial control in intriguing architectures [7] [8]. 
Some polymers and more specifically hydrogels are prime candidates for 3D printing 
of soft actuators due to their intrinsic process ability and stimuli responsiveness 
features. The use of porous hydrogels can be implemented in novel soft robotic 
actuators to enhance actuation of artificial muscle constructs [9] and this can be 
achieved by 3D printing. Hydrogels also demonstrate considerably different properties 
like multi directional movements and large volume changes (up to 10 times) upon 
swelling and contraction that are desirable from soft robotic point of view [10]. 
Polyelectrolyte hydrogels show reversible behavior under a low foot-print stimulus 
such as an electrical input. It is evident that the main factor driving the hydrogel 
electro-actuation is the osmotic pressure driven by the concentration difference of 
mobile ions between gel and solution [11]. Ion diffusion through ion permeable 
polymer membranes is the most essential requirement for operation of ionic 
electroactive polymer actuators [12]. Dynamics of the mentioned systems are variable 
over time because of their property changes. Generally, hydrogels can show large 
strains and volume changes when placed in an aqueous medium and this in turn leads 
to changes in most other properties. Thus, the dynamics of such soft actuators are time 
variant.  
There have been studies on dynamics modelling of conventional electroactive polymer 
actuators. Black-box models were used in some works for calculating the curvature of 
the actuator based on input voltage but were not scalable and too simple to describe 
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the actuator performance entirely [13]. More advanced models, mainly based on a 
gray-box modelling approach, have been developed which use electrical circuit models 
to correlate the voltage and bending displacement of the polymer actuators. These 
models range from lumped RC models [14], to distributed transmission line models 
[15]. Finally, the most complex models are white-box models [16] [17]. These models 
try to explain the complicated electro-chemo-mechanical dynamics of electro polymer 
actuators based on physical principals. Although these models provide valuable insight 
into the underlying physics of actuation process, they are very complex and are not 
suitable for real time control of the actuators. 
After reaching the maximum deformation, the polyelectrolyte actuators show a slow 
back relaxation. This phenomenon was attributed to the diffusion effect of the water 
molecules due to the difference of water density, under a voltage driving signal [18]. 
Having observed the time variant response of the polyelectrolyte actuator to various 
input voltage levels, this study intends to consider the interrelation of the linear 
systems corresponding to different regions of applied voltage. To do this, a Takagi–
Sugeno (T-S) fuzzy model has been developed to accurately model the actuator’s 
bending under variation of its parameters via relating with local linear systems. 
3D Printing of the Soft Actuator 
Key issue in fabrication of soft actuator using 3D printer is solidification of hydrogel 
strand upon extrusion from printer nozzle. Preparing hydrogels to be printed that retain 
their structural integrity after extrusion have been studied through several approaches 
based on types of hydrogel materials and their subsequent applications [19] [20].  One 
primary way is to use high molecular weight solvents, which result in higher viscosity 
polymer inks. Also, solidifying hydrogel using cross-linker (e.g. ultraviolet (UV) or 
forced air drying) after printing or adjusting the print platform temperature to speed up 
the solidifying process can be utilized. Solvent casting is another method that works 
based on printed filament solidification through solvent evaporation [21]. Solvent 
exchange in a bath of cross-linker based wet spinning methods have been used for 3D 
printing of hydrogels (e.g. EtOH) [22]. For 3D printing of chitosan hydrogel in this 
study however, liquid hardening at room temperature method has been used which 
recently was successfully developed to achieve promising results [23]. An 
EnvisionTEC GmbH Bioplotter (EnvisionTEC, Gladbeck, Germany) was used in this 
research to print the soft actuator. 
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Like other 3D print products, a computer aided design (CAD) model of the actuator 
was developed in Solidworks (Dassault Systemes, USA) and was loaded into an 
EnvisionTEC GmbH Bioplotter (EnvisionTEC, Gladbeck, Germany). Medium 
molecular weight chitosan (with 75–85% deacetylation degree) and acetic acid 
solution were purchased from SigmaAldrich, Australia. A mixture of 1.6 g chitosan in 
0.8 ml acetic acid solution (1 v/v%) was prepared under vigorous stirring at 50◦C, for 
2 h. The resultant ink was then sonicated, centrifuged, and poured into low-
temperature 3D Bioplotter syringe. Ethanolic sodium hydroxide (EtOH-NaOH) with a 
recipe of 0.25 M NaOH (Sigma Aldrich), 70 v/v% EtOH ratio of 3:7, was used for 
post-printing solidification. The porous chitosan beam with the size of 40 mm by 8 mm 
by 2 mm was printed layer by layer (Figs. 1 and 2). The optimized values of 3D 
Bioplotter print settings and further details of step by step instructions for printing 
chitosan using the 3D Bioplotter are explained in detail in an earlier paper of authors 
[24].   
 
Fig. 1. (a) Chitosan powder, (b) chitosan ink (c) Printed chitosan and adding 






Fig. 2. The 3D printed chitosan hydrogel actuator after drying. 
Electro-Osmotic Dynamics Modelling of 3D Printed Actuator 
The volume change of polyelectrolyte hydrogel actuators can be controlled reversibly 
by applying electric fields. Electro-osmotic effects on the actuator results from an ion 
driven effect that can be induced with reliable control of the signal strength and 
directionality on a hydrogel with fixed anionic charges placed in an external electrolyte 
solution. The electric field distributes the mobile ions asymmetrically between the gel 
and solution, inducing osmotic pressure differences that swell and deform the gel. 
Electro-osmotic actuation is a promising chemo-mechanical mechanism for 
controlling the deformation of hydrogels. It was shown that the diffusion dependent 
time response of hydrogel actuator can be reduced by introducing porosity into the 
hydrogel system by 3D printing [7, 9]. 
The behavior of polyelectrolyte actuators exhibits interrelationship among three 
physical properties as chemical, electrical, and mechanical. To predict control oriented 
dynamics of soft actuator under excitation voltages gray-box model can be utilized. 
Therefore, in this study the actuator model is divided into two part as electrochemical 
and electromechanical modelling. 
Electrochemical Modelling 
The electrochemical model relates the input voltage and counterion gradients inside 
gel-electrolyte. Fig. 3(a) depicts the electrical admittance model. A diffusive model is 
employed to represent the electrochemical behavior of the 3D printed actuator. This 




hydrogel-electrolyte interface. Fig.3(b). depicts the diffusive model configuration and 
its elements. This equivalent circuit characterizes the impedance of the polymer where 
 𝐶𝐶𝑑𝑑𝑑𝑑 is the double layer capacitance, 𝑅𝑅𝑠𝑠 is the contact resistance along with the 
resistivity of the electrolyte, and 𝑍𝑍𝑑𝑑  refers to the diffusion impedance for a film of 
finite thickness. However, not all mobile ions can diffuse through the interface 
between the polymer layer and the electrolyte. As a result, an electrochemically 
charged double layer will be formed at the polymer/electrolyte interface, considered 
as a parallel plate capacitor.  
Diffusion current can be obtained from the Fick’s law of diffusion: 
𝑖𝑖𝐷𝐷(𝑡𝑡) = −𝐹𝐹 × 𝐴𝐴 × 𝐷𝐷 ×
𝜕𝜕𝑜𝑜(𝑜𝑜,𝑜𝑜)
𝜕𝜕𝑜𝑜
       (1) 
where 𝐴𝐴 is the interface surface of printed polyelectrolyte and electrolyte, 𝐹𝐹 is the 
Faraday constant, 𝐷𝐷 is the diffusion coefficient, ℎ is the thickness of the printed 
polyelectrolyte, and 𝑐𝑐 is the ion concentration. The double-layer capacitance 
thickness, 𝛿𝛿, is defined in the current flown in double layer capacitance as: 
𝑖𝑖𝐶𝐶(𝑡𝑡) = 𝐹𝐹 × 𝐴𝐴 × 𝛿𝛿 ×
𝜕𝜕𝑜𝑜(𝑜𝑜,𝑜𝑜)
𝜕𝜕𝑜𝑜
        (2) 






   0 < 𝑦𝑦 < ℎ, 𝜕𝜕𝑜𝑜(𝑜𝑜,𝑜𝑜)
𝜕𝜕𝑜𝑜
(@𝑦𝑦 = ℎ) = 0    (3) 
Solving the Eqs (1)-(3), considering the equivalent electrical circuit relations shown in 


















Fig. 3. (a) Electrical circuit equivalent of diffusion; (b) double layer charging model; 
and (c) bending schematic of the printed polyelectrolyte actuator in bulk electrolyte.  
Electromechanical Modelling 
The electromechanical model relates the input voltage to osmotic pressure caused by 
counterion gradients in electrochemical stage. It was shown in conductive polymer 
actuators that the relation between the induced in-plane strain 𝜀𝜀 and the density of the 
transferred charges 𝜌𝜌𝑜𝑜ℎ are given as [26]: 
 𝜀𝜀 = 𝛼𝛼𝜌𝜌𝑜𝑜ℎ ,           (5) 










 ,                (6) 
where 𝑊𝑊 and 𝐿𝐿 are width and length of printed actuator respectively. For actuators 
with small tip displacement, strain can be calculated from free length, thickness and 
tip displacement of the actuator; however, for actuators with more extensive bending, 
the radius of curvature must be considered. Pure bending strain 𝜀𝜀 was then calculated 
based on schematic presented in Fig. 4, using the Eq. (9), which is derived from the 
ratio of the change in the free length of actuator between center and surface of the 







= 𝐾𝐾𝑦𝑦𝑜𝑜 ,                  (7) 
where 𝑦𝑦𝑜𝑜 is the distance between the expanded polyelectrolyte layer and the reference 
plane, 𝑙𝑙𝑜𝑜 is actuator’s length at the centre (which is equal to actuator’s free length), 𝑙𝑙𝑜𝑜 
(a) (b) (c) 
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is actuator’s length at the expanded surface, 𝜃𝜃 is the bending angle, 𝑅𝑅 is radius of 
curvature, and 𝐾𝐾 is the bending curvature of the actuator. 
In addition to the bending strain, the actuation effect should also be considered. Thus, 
the induced stress in the bending actuator can be expressed by superimposing the 
actuation effect term upon the term indicating the bending effect as follows: 
𝜎𝜎 = 𝐸𝐸(𝐾𝐾 ∓ 𝛼𝛼𝜌𝜌𝑜𝑜ℎ),                   (8) 
where, 𝐸𝐸 is Young’s modulus of printed actuator, the positive and negative signs refer 
to the contracted and expanded layers, respectively.  
Assuming the pure bending on the beam, the bending curvature 𝐾𝐾 can be calculated as 
a function of the exchanged charge density by setting the net force and net moment 
equal to zero as shown in the following: 
∑𝐹𝐹 = ∫ 𝐸𝐸(𝐾𝐾𝑦𝑦𝑜𝑜 + 𝛼𝛼𝜌𝜌𝑜𝑜ℎ)𝑦𝑦𝑜𝑜𝑑𝑑𝑦𝑦𝑜𝑜 +
0
−ℎ/2 ∫ 𝐸𝐸(𝐾𝐾𝑦𝑦𝑜𝑜 − 𝛼𝛼𝜌𝜌𝑜𝑜ℎ)𝑦𝑦𝑜𝑜𝑑𝑑𝑦𝑦𝑜𝑜
ℎ/2
0 = 0  
∑𝜎𝜎 = ∫ 𝐸𝐸(𝐾𝐾𝑦𝑦𝑜𝑜 + 𝛼𝛼𝜌𝜌𝑜𝑜ℎ)𝑑𝑑𝑦𝑦𝑜𝑜 +
0
−ℎ/2 ∫ 𝐸𝐸(𝐾𝐾𝑦𝑦𝑜𝑜 − 𝛼𝛼𝜌𝜌𝑜𝑜ℎ)𝑑𝑑𝑦𝑦𝑜𝑜
ℎ/2
0 = 0    
𝐾𝐾 = 𝜑𝜑𝜌𝜌𝑜𝑜ℎ,𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 𝜑𝜑 =
3𝛼𝛼
𝐸𝐸ℎ
.                  (9) 














.               (10) 
Finally, by combining Eqs. (4) and (5) - (10) one can obtain the full model between 












     where, 𝑌𝑌(𝑠𝑠) = 1
𝐾𝐾(𝑠𝑠)
∓� 1𝐾𝐾(𝑠𝑠)2 − 𝐿𝐿
2           (11) 
The represented Equation tends to be dimensionally infinite due to the arising 
hyperbolic tangent term; hence, it is not appropriate for real-time control applications. 
An alternative for circumventing this problem is to replace the associated hyperbolic 
tangent terms by Mittag Leffler’s expansion of hyperbolic tangent to simplify the 
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model. This expansion is subject to a constraint which results in an upper and lower 
bound for the input frequency, and thus, it confines the model to low-range applied 
frequencies which does not contradict with intuitive low frequency behavior of the 








𝑜𝑜=0 ,                 (12) 
where 𝑋𝑋 = 𝑠𝑠, and 𝑌𝑌 = 𝐷𝐷 4ℎ2⁄ . For low-frequency applications, the value of the 
summation term replaced for the hyperbolic tangent does not significantly vary by 
increasing n, thus the terms associated with large values of 𝑛𝑛 can be ignored. Using 
the first n terms of the series expansion, one can obtain an approximation for the 
bending curvature generated by the polymer actuator as given by 
𝑌𝑌(𝑠𝑠)
𝑉𝑉(𝑠𝑠)
= 𝑒𝑒𝛽𝛽𝑠𝑠 (𝑠𝑠+𝑧𝑧1)… (𝑠𝑠+𝑧𝑧𝑛𝑛+1)
(𝑠𝑠+𝑝𝑝1)(𝑠𝑠+𝑝𝑝2) … (𝑠𝑠+𝑝𝑝𝑛𝑛+1)(𝑠𝑠+𝑝𝑝𝑛𝑛+2)
,                (13) 
where 𝛽𝛽 is a real value, 𝑧𝑧𝑧𝑧’s and 𝑝𝑝𝑧𝑧’s are the zeros and poles of the simplified curvature 
transfer function, respectively. 
Having found the transfer function between input voltage and end-point displacement 
of actuator, one finds the bending moment at the end-point by incorporating Eqs. (10), 
(11) and following relation as: 
𝑀𝑀(𝑡𝑡) = 𝐾𝐾(𝑡𝑡)𝐸𝐸𝐼𝐼,                  (14) 
where, 𝐼𝐼 is the second moment of area of the actuator’s cross section. 
Optimized Weighted Least Square 
In a standard least-squares problem, it is assumed that the collected response data are 
of equal quality and hence have a constant noise variance. Hence, there have been 
several approaches for solving weighted least square problems such as the so called 
iterative re-weighted linear least squares (IRLS) for finding the weight function [29]. 
Yet, the suggested methods often lacked suitability for low-frequency data [30]. In this 
study a weighted least square (WLS) method is utilized in conjunction with genetic 
algorithm (GA) [30],[31] to automatically find the optimal values of the required 
weight function range of frequencies interested in controller oriented modelling. 
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The GA assisted WLS method used in this paper can be described in four stages. First 
GA constructs a population of weight vectors. Then, the generated weight vectors will 
be used to solve WLS. Afterwards, the weight vector components like range and its 
corresponding scaling factors will be changed by GA and this process continues till 
the minimum value between fitted model and experimental frequency response is 
found.  
It has been observed that the polyelectrolyte actuators do not exhibit a high bandwidth 
for actuator applications, as at high frequencies (5–20 Hz) the displacements are too 
small. We consider the system transfer function only below 5 Hz, which is the 
interested frequency range. 
A linear time-invariant transfer functions for a single input single output model can be 






𝑁𝑁(𝑠𝑠) = 𝑛𝑛0 + 𝑛𝑛1𝑠𝑠 + 𝑛𝑛2𝑠𝑠2 + ⋯+ 𝑛𝑛𝑘𝑘𝑠𝑠𝑘𝑘 ,∀𝑠𝑠 = 𝑗𝑗𝜔𝜔         
𝐷𝐷(𝑠𝑠) = 1 + 𝑑𝑑1𝑠𝑠 + 𝑑𝑑2𝑠𝑠2 + ⋯+ 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑 ,∀𝑠𝑠 = 𝑗𝑗𝜔𝜔               (15) 
To have a proper system, the order of the numerator 𝑘𝑘 must be less than or equal to 
the order of the denominator 𝑙𝑙. From the MATLAB software package for Discrete 
Fourier Transform (DFT) analysis of the input and output signals of the system at all 
experimental frequencies (𝜔𝜔1,𝜔𝜔2, … ,𝜔𝜔𝑁𝑁), a non-parametric model of the system can 
be obtained as 𝐺𝐺�(𝑗𝑗𝜔𝜔). The operator ‘^’ is used because there are always unavoidable 
errors in the measurement. Since it is assumed that 𝐺𝐺�(𝑗𝑗𝜔𝜔) = 𝑁𝑁(𝑗𝑗𝜔𝜔)/ 𝐷𝐷(𝑗𝑗𝜔𝜔), the 
fitting error between the experimental data can be represented as: 
𝑒𝑒(𝑗𝑗𝜔𝜔) = 𝐷𝐷(𝑗𝑗𝜔𝜔)𝐺𝐺�(𝑗𝑗𝜔𝜔) − 𝑁𝑁(𝑗𝑗𝜔𝜔)                 (16) 
The unknown coefficients of fitted function (𝑛𝑛0,𝑛𝑛1, … ,𝑛𝑛𝑘𝑘), and (1,𝑑𝑑1, … ,𝑑𝑑𝑑𝑑) can be 
evaluated by minimizing the sum of squared of the error between the fitted polynomial 
and the experimental data at all experimental points as  




|𝑒𝑒(𝑗𝑗𝜔𝜔𝑘𝑘)|2 = ∑ 𝑒𝑒𝑧𝑧∗𝑒𝑒𝑧𝑧𝑁𝑁𝑧𝑧=1                  (17) 
Operator ‘ ∗ ’ denotes complex-conjugate transpose, and the weight function 𝑊𝑊𝑘𝑘(𝜔𝜔𝑘𝑘) 
is a vector with the same length as collected data [32]. The term 𝑒𝑒𝑧𝑧 can also be 
expressed as: 
𝑒𝑒𝑧𝑧 = [1 + 𝑑𝑑1(𝑗𝑗𝜔𝜔𝑧𝑧) + ⋯+ 𝑑𝑑𝑑𝑑(𝑗𝑗𝜔𝜔𝑧𝑧)𝑑𝑑]𝐺𝐺�(𝑗𝑗𝜔𝜔𝑧𝑧) − [𝑛𝑛0 + 𝑛𝑛1(𝑗𝑗𝜔𝜔𝑧𝑧) + ⋯+ 𝑛𝑛𝑘𝑘(𝑗𝑗𝜔𝜔𝑧𝑧)𝑘𝑘]             
Or alternatively, 
𝑒𝑒𝑧𝑧 = 𝐺𝐺�(𝑗𝑗𝜔𝜔𝑧𝑧) − �−(𝑗𝑗𝜔𝜔𝑧𝑧)𝐺𝐺�(𝑗𝑗𝜔𝜔𝑧𝑧), … , (𝑗𝑗𝜔𝜔𝑧𝑧)𝑑𝑑𝐺𝐺�(𝑗𝑗𝜔𝜔𝑧𝑧), 1, (𝑗𝑗𝜔𝜔𝑧𝑧), … , �(𝑗𝑗𝜔𝜔𝑧𝑧)�
𝑘𝑘� 𝜃𝜃,              (18) 
where, 𝜃𝜃 = [𝑑𝑑1, … ,𝑑𝑑𝑑𝑑 ,𝑛𝑛0,𝑛𝑛1, … ,𝑛𝑛𝑘𝑘]𝑇𝑇 is a vector of unknown parameters. The cost 




= (𝑌𝑌 − 𝑋𝑋𝜃𝜃)∗(𝑌𝑌 − 𝑋𝑋𝜃𝜃), 
where, 
𝑌𝑌 = �𝐺𝐺�(𝑗𝑗𝜔𝜔1),𝐺𝐺�(𝑗𝑗𝜔𝜔2), … ,𝐺𝐺�(𝑗𝑗𝜔𝜔𝑁𝑁)�
𝑇𝑇 , 
𝑋𝑋 = �
−(𝑗𝑗𝜔𝜔1)𝐺𝐺�(𝑗𝑗𝜔𝜔1) ⋯ (𝑗𝑗𝜔𝜔1)𝑑𝑑𝐺𝐺�(𝑗𝑗𝜔𝜔1) 1 𝑗𝑗𝜔𝜔1 … (𝑗𝑗𝜔𝜔1)𝑘𝑘
⋮  ⋮    ⋮
−(𝑗𝑗𝜔𝜔𝑁𝑁)𝐺𝐺�(𝑗𝑗𝜔𝜔𝑁𝑁) ⋯ (𝑗𝑗𝜔𝜔𝑁𝑁)𝑑𝑑𝐺𝐺�(𝑗𝑗𝜔𝜔𝑁𝑁) 1 𝑗𝑗𝜔𝜔𝑁𝑁 … (𝑗𝑗𝜔𝜔𝑁𝑁)𝑘𝑘
�           (19) 
The cost function 𝐽𝐽 as a function of 𝜃𝜃 can be minimized by differentiating 𝐽𝐽 with 















= 0, 𝑘𝑘 = 1, … , 𝑙𝑙.
 
The value of 𝜃𝜃 that minimizes 𝐽𝐽 can be obtained as: 
𝜃𝜃 = (𝑋𝑋∗𝑋𝑋)−1(𝑋𝑋∗𝑌𝑌).                  (20) 
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To improve the model at certain ranges of frequencies, one can use weighted least-
squares where the frequency weighting is used to emphasize certain frequencies of 
interest. The weighted least-squares minimizes the sum squared of the weighted error: 
𝐽𝐽 = ∑ 𝑤𝑤𝑧𝑧𝑒𝑒𝑧𝑧∗𝑒𝑒𝑧𝑧𝑁𝑁𝑧𝑧=0 .                  (21) 
The weights 𝜔𝜔𝑧𝑧 determine how much each response value influences the final 
parameter estimates. Note that the weights 𝑤𝑤𝑧𝑧 are positive definite and they are given 
as the diagonal elements of the weight matrix 𝑊𝑊: 
𝑊𝑊 = �
𝑤𝑤1 0 ⋯ 0
0 𝑤𝑤2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑤𝑤𝑁𝑁
�.                  (22) 
The unique solution to the weighted least-squares problem is known to be in the form 
of following: 
𝜃𝜃 = (𝑋𝑋∗𝑊𝑊𝑋𝑋)−1(𝑋𝑋∗𝑊𝑊𝑌𝑌).                 (23) 
For the actuator system identification, GA is employed to find the required frequency 
weightings automatically, and perform an iterative re-weighted least squares algorithm 
to identify the system model [30]. In this approach, GA generates a random vector of 
𝑤𝑤𝑧𝑧 > 0 to be the diagonal elements of the weight matrix 𝑊𝑊. Then, GA alters the 
weights by changing the range and scaling factors in the vector 𝑤𝑤𝑧𝑧. The WLS is solved 
on the basis of the updated weight matrix, and the iteration continues until the 
minimum difference between the frequency response of the model and the 
experimental data is achieved (or the maximum number of iterations is reached). To 
scale up the errors around the resonant mode, two variables are defined. These 
parameters are mainly the lower and upper frequency range of 
interest( [𝜔𝜔1−𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜,𝜔𝜔1−𝑠𝑠𝑜𝑜𝑑𝑑]), and its corresponding scaling factor 𝛼𝛼 as shown in Eq. 
(24). The optimum value of 𝛼𝛼 is to be found by the GA to heavily penalize the fitting 
error in a range of frequencies where the modelling accuracy is important. 
𝑤𝑤𝑧𝑧 = [1, … ,1,𝛼𝛼𝜔𝜔1−𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜 , … ,𝛼𝛼𝜔𝜔1−𝑠𝑠𝑜𝑜𝑑𝑑 , 1, … ,1]             (24) 
Controller Design 
Sliding mode control (SMC) systems have been used in many robotics applications 
since it was first introduced [33-36]. For this study a SMC is employed to ensure robust 
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tracking of the 3D printed actuator so that it is insensitive to parameter variations and 
external disturbances, where the system model is described by a T-S Fuzzy system for 
the end-point estimation of the soft actuator. The Fuzzy extreme subsystem concept 
proposed in [37] is used to design the sliding mode control.  
The global fuzzy state-space is decomposed into m subspaces initially to form a fuzzy 
extreme subsystem. In each new subspace, a dominant membership function with its 
local fuzzy subsystem, dominates the global fuzzy system. The worst stability case can 
be found from all the interactions among the local fuzzy subsystems to set an upper 
bound for the subsystem. This uncertain bound information is then used in the SMC 
design to stabilize a complex nonlinear system with its T-S fuzzy model [37].  
T-S Fuzzy System Formulations 
The T-S fuzzy system is based on fuzzy IF-THEN rules to join multiple local dynamic 
equations of a complex nonlinear or time varying system to form an overall input-
output relationship of the dynamic system considered. The T-S fuzzy model used in 
this study is developed as follows: First, the whole state-space is divided into 
subspaces. Then, a linear model estimated by optimized least square is used to 
approximate the system in each subspace. Lastly, the fuzzy inference rules (with Pi 
membership functions here) are used to fuzzify all the subsystem parameter matrices 
to obtain a global dynamic fuzzy model. 
Consider a complex nonlinear dynamic system described by: 
?̇?𝑥 = 𝐴𝐴(𝑥𝑥) + ∆𝐴𝐴(𝑥𝑥) + [𝐵𝐵(𝑥𝑥) + ∆𝐵𝐵(𝑥𝑥)]𝑢𝑢,               (25) 
where, 𝑥𝑥 ∈ 𝑅𝑅𝑜𝑜 is a state variable vector and 𝑢𝑢 ∈ 𝑅𝑅 is a control input. 𝐴𝐴(𝑥𝑥) and 𝐵𝐵(𝑥𝑥) 
are known functions while ∆𝐴𝐴(𝑥𝑥) and ∆𝐵𝐵(𝑥𝑥) are system uncertainties. In this study 
the system uncertainties are assumed to be bound in Euclidean norm with upper 
bounds as: 
∆𝐴𝐴(𝑥𝑥) = 𝐵𝐵(𝑥𝑥)∆𝑓𝑓𝑜𝑜(𝑥𝑥) and ∆𝐵𝐵(𝑥𝑥) = 𝐵𝐵(𝑥𝑥)∆𝐵𝐵𝑜𝑜(𝑥𝑥),               (26) 
‖∆𝑓𝑓𝑜𝑜(𝑥𝑥)‖ ≤ 𝜌𝜌𝑜𝑜 and ‖∆𝐵𝐵𝑜𝑜(𝑥𝑥)‖ < 𝜀𝜀𝑜𝑜 < 1,                (27) 
where, 𝜌𝜌𝑜𝑜 and 𝜀𝜀𝑜𝑜 are known values. 
Eq. (25) can be simplified as a nominal without uncertainties systems as: 
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?̇?𝑥 = 𝐴𝐴(𝑥𝑥) + 𝐵𝐵(𝑥𝑥)𝑢𝑢.                   (28) 
Therefore, T-S fuzzy dynamic model of Eq. (28) can be described as the following 
fuzzy inference rules [38]: 
𝑅𝑅𝑧𝑧: 𝐼𝐼𝐹𝐹 𝑧𝑧1𝑖𝑖𝑠𝑠 𝑤𝑤1𝑧𝑧  𝐴𝐴𝑁𝑁𝐷𝐷… 𝑧𝑧𝑜𝑜 𝑖𝑖𝑠𝑠 𝑤𝑤𝑜𝑜𝑧𝑧   
 𝑇𝑇𝐻𝐻𝐸𝐸𝑁𝑁 
 ?̇?𝑥 = 𝐴𝐴𝑧𝑧(𝑥𝑥) + 𝐵𝐵𝑧𝑧(𝑥𝑥)𝑢𝑢 for 𝑖𝑖 = 1, … ,𝑚𝑚,              (29) 
where, 𝑅𝑅𝑧𝑧 represents the 𝑖𝑖𝑜𝑜ℎ fuzzy inference rule, 𝑚𝑚 the number of inference rules, 
𝑀𝑀𝑗𝑗(𝑗𝑗 = 1, … ,𝑛𝑛) the fuzzy sets, 𝑥𝑥 system state variable vector, and 𝑢𝑢 the system input. 
The matrices 𝐴𝐴𝑧𝑧 ∈ 𝑅𝑅𝑜𝑜×𝑜𝑜 and 𝐵𝐵𝑧𝑧 ∈ 𝑅𝑅𝑜𝑜×1 while 𝑧𝑧 = (𝑧𝑧1, … , 𝑧𝑧𝑜𝑜)𝑇𝑇 represents the 
subsystem parameters. Denote 𝜇𝜇𝑧𝑧 as the normalized fuzzy membership function of the 
inferred fuzzy set 𝑤𝑤𝑧𝑧where 
𝑤𝑤𝑧𝑧 = ∏ 𝑀𝑀𝑗𝑗𝑧𝑧𝑜𝑜𝑗𝑗=1 , 𝜇𝜇𝑧𝑧 =
𝑤𝑤𝑖𝑖
∑ 𝑤𝑤𝑖𝑖𝑚𝑚𝑖𝑖=1
,𝑎𝑎𝑛𝑛𝑑𝑑 ∑ 𝜇𝜇𝑧𝑧𝑜𝑜𝑧𝑧=1 = 1.               (30) 
Using the fuzzy inference method with a center-average defuzzifier, product inference 
and singleton fuzzifier, the global dynamic fuzzy model of the nominal system in Eq. 
(28) can be expressed as: 
?̇?𝑥 = 𝐴𝐴(𝜇𝜇)𝑥𝑥 + 𝐵𝐵(𝜇𝜇)𝑢𝑢(𝑡𝑡), 
𝐴𝐴(𝜇𝜇) = ∑ 𝜇𝜇𝑧𝑧𝑜𝑜𝑧𝑧=1 𝐴𝐴𝑧𝑧 ,𝐵𝐵(𝜇𝜇) = ∑ 𝜇𝜇𝑧𝑧𝑜𝑜𝑧𝑧=1 𝐵𝐵𝑧𝑧 ,𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 𝜇𝜇 = (𝜇𝜇1, 𝜇𝜇2, … , 𝜇𝜇𝑜𝑜).            (31) 
Some assumptions are made as the global fuzzy model and each linear subsystem is 
assumed to be controllable. Also, the reference model has the same fuzzy sets with the 
fuzzy system so as the output of overall reference model can be realized as: 
?̇?𝑥𝑠𝑠 = 𝐴𝐴𝑠𝑠(𝜇𝜇)𝑥𝑥𝑠𝑠 + 𝐵𝐵𝑠𝑠(𝜇𝜇)𝑟𝑟.                  (32) 
Fuzzy Extreme Subsystem 
To obtain the fuzzy extreme subsystem, the global fuzzy state-space is first 
decomposed into 𝑚𝑚 subspaces: 
𝑆𝑆𝑧𝑧 = �𝑥𝑥|𝜇𝜇𝑧𝑧 ≥ 𝜇𝜇𝑑𝑑 , 𝑙𝑙 = 1,2, … ,𝑚𝑚� 𝑓𝑓𝑓𝑓𝑟𝑟 𝑖𝑖 = 1,2, … ,𝑚𝑚.               (33) 
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The characteristic function of 𝑆𝑆𝑧𝑧 is defined by: 
𝜂𝜂𝑧𝑧 = �1 
(𝑥𝑥 ∈ 𝑆𝑆𝑧𝑧),
0 (𝑥𝑥 ∉ 𝑆𝑆𝑧𝑧).
                  (34) 
Let 𝐺𝐺 be the set of membership functions satisfying Eq. (34). Then, on every subspace, 
the fuzzy model (31) can be denoted by: 
?̇?𝑥 = ?̃?𝐴𝑧𝑧(𝜇𝜇)𝑥𝑥 + 𝐵𝐵�𝑧𝑧(𝜇𝜇)𝑢𝑢 = �𝐴𝐴𝑧𝑧 + ∇𝐴𝐴𝑧𝑧(𝜇𝜇)�𝑥𝑥 + �𝐵𝐵𝑧𝑧 + ∇𝐵𝐵𝑧𝑧(𝜇𝜇)�𝑢𝑢,    
∇𝐴𝐴𝑧𝑧(𝜇𝜇) = ∑ ?̅?𝜇𝑑𝑑∇𝐴𝐴𝑧𝑧𝑑𝑑𝑜𝑜𝑖𝑖𝑧𝑧=1 ,∇𝐵𝐵
𝑧𝑧(𝜇𝜇) = ∑ ?̅?𝜇𝑑𝑑∇𝐵𝐵𝑧𝑧𝑑𝑑𝑜𝑜𝑖𝑖𝑧𝑧=1 ,     
∇𝐴𝐴𝑧𝑧𝑑𝑑 = 𝐴𝐴𝑑𝑑 − 𝐴𝐴𝑧𝑧 ,∇𝐵𝐵𝑧𝑧𝑑𝑑 = 𝐵𝐵𝑑𝑑 − 𝐵𝐵𝑧𝑧 ,     
?̅?𝜇𝑑𝑑 ∈ 𝐺𝐺, 𝑙𝑙 = 1, … ,𝑚𝑚, ?̅?𝜇𝑑𝑑 ≠ 𝜇𝜇𝑧𝑧 , ?̅?𝜇𝑑𝑑 ≠ 0,∀𝑥𝑥 ∈  𝑆𝑆𝑧𝑧 , for 𝑖𝑖 = 1,2, … ,𝑚𝑚.             (35) 
Here the 𝑖𝑖𝑜𝑜ℎ subsystem is different from the fuzzy dynamical local model in Eq. (29), 
because it considers all the interactions among the local fuzzy models. Also, the 
interactions of the subsystems are represented by (∇𝐴𝐴𝑧𝑧(𝜇𝜇),∇𝐵𝐵𝑧𝑧(𝜇𝜇)). Using the 
characteristic function of 𝑆𝑆𝑧𝑧, Eq. (35) can be denoted by: 
?̇?𝑥𝑧𝑧 = �𝐴𝐴𝑧𝑧 + ∇𝐴𝐴𝑧𝑧(𝜇𝜇)�𝑥𝑥𝑧𝑧 + �𝐵𝐵𝑧𝑧 + ∇𝐵𝐵𝑧𝑧(𝜇𝜇)�𝑤𝑤𝑧𝑧 ,  
where 𝑖𝑖 = 1,2, … ,𝑚𝑚, 𝑥𝑥𝑧𝑧 = 𝜂𝜂𝑧𝑧𝑥𝑥, 𝑎𝑎𝑛𝑛𝑑𝑑 𝑤𝑤𝑧𝑧 = 𝜂𝜂𝑧𝑧𝑢𝑢.              (36) 
Each subsystem in Eq. (35) is time-varying. For the design of a sliding mode 
controller, we define the following upper bounds as worst upper bounds reducing the 
stability margin of the system as [39]: 
[∇𝐴𝐴𝚤𝚤� (𝜇𝜇)]𝑇𝑇[∇𝐴𝐴𝚤𝚤� (𝜇𝜇)] ≤ �𝐸𝐸𝑧𝑧�𝑇𝑇�𝐸𝐸𝑧𝑧� = [𝐸𝐸𝑧𝑧1 𝐸𝐸𝑧𝑧2]𝑇𝑇[𝐸𝐸𝑧𝑧1 𝐸𝐸𝑧𝑧2], 
∇𝐴𝐴𝚤𝚤� (𝜇𝜇) = [∇𝐴𝐴𝑧𝑧(𝜇𝜇) ∇𝐵𝐵𝑧𝑧(𝜇𝜇)].                 (37) 
Then, the following m subsystems can be defined as the extreme subsystems of Eq. 
(35): 
?̇?𝑥𝑧𝑧 = �𝐴𝐴𝑧𝑧 + 𝐸𝐸𝑧𝑧1�𝑥𝑥𝑧𝑧 + �𝐵𝐵𝑧𝑧 + 𝐸𝐸𝑧𝑧2�𝑤𝑤𝑧𝑧 , 𝑖𝑖 = 1, … ,𝑚𝑚.              (38) 
Fuzzy Sets Sliding Mode controller 
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Using Eqs. (25), (26), and (31) fuzzy model of systems with matched uncertainties can 
be defined as follows: 
?̇?𝑥 = 𝐴𝐴(𝜇𝜇)𝑥𝑥 + 𝐵𝐵(𝜇𝜇)�[𝐼𝐼 + ∆𝐵𝐵𝑜𝑜(𝑥𝑥)]𝑢𝑢 + ∆𝑓𝑓𝑜𝑜(𝑥𝑥)�.              (39) 
Then, a sliding variable 𝑠𝑠(𝑥𝑥�) is defined as follows: 
𝑠𝑠(𝑥𝑥�) = 𝑐𝑐𝑇𝑇𝑥𝑥�,                    (40) 
where 𝑥𝑥� = 𝑥𝑥 − 𝑥𝑥𝑠𝑠 and 𝑐𝑐 ∈ 𝑅𝑅𝑜𝑜×1 is selected such that the dynamics of 𝑠𝑠(𝑥𝑥�) = 0. 
Differentiating the sliding variable Eq. (40) with respect to time and substituting Eqs. 
(36) and (39) into it yields: 
?̇?𝑠(𝑥𝑥�) = 𝑐𝑐𝑇𝑇�𝐴𝐴(𝜇𝜇)𝑥𝑥 + 𝐵𝐵(𝜇𝜇)�[𝐼𝐼 + ∆𝐵𝐵𝑜𝑜(𝑥𝑥)]𝑢𝑢 + ∆𝑓𝑓𝑜𝑜(𝑥𝑥)� − 𝐴𝐴𝑠𝑠(𝜇𝜇)𝑥𝑥𝑠𝑠 + 𝐵𝐵𝑠𝑠(𝜇𝜇)𝑟𝑟�.        (41) 
For the 𝑖𝑖𝑜𝑜ℎ subsystem the time derivative of the sliding variable gives: 
?̇?𝑠�𝑥𝑥�𝑧𝑧� = 𝑐𝑐𝑇𝑇 ��𝐴𝐴𝑧𝑧 + ∇𝐴𝐴𝑧𝑧(𝜇𝜇)�𝑥𝑥𝑧𝑧 + �𝐵𝐵𝑧𝑧 + ∇𝐵𝐵𝑧𝑧(𝜇𝜇)� ��𝐼𝐼 + ∆𝐵𝐵𝑜𝑜�𝑥𝑥𝑧𝑧��𝑤𝑤𝑧𝑧 + ∆𝑓𝑓𝑜𝑜�𝑥𝑥𝑧𝑧�� −
�𝐴𝐴𝑠𝑠𝑧𝑧 + ∇𝐴𝐴𝑠𝑠𝑧𝑧 (𝜇𝜇)�𝑥𝑥𝑠𝑠𝑧𝑧 − [𝐵𝐵𝑠𝑠𝑧𝑧 + ∇𝐵𝐵𝑠𝑠𝑧𝑧(𝜇𝜇)]𝑟𝑟𝑧𝑧�.               (42) 
Finally, the control input for 𝑖𝑖𝑜𝑜ℎ subsystem of the fuzzy model in Eq. (39) and the 
sliding surface Eq. (40) can be designed as: 
𝑤𝑤𝑧𝑧 = 𝑘𝑘𝑧𝑧�𝑥𝑥𝑧𝑧� −
?̇?𝑠�𝑥𝑥�𝑧𝑧�
‖?̇?𝑠(𝑥𝑥�𝑧𝑧)‖‖𝑐𝑐𝑇𝑇𝐵𝐵𝑧𝑧(1 − 𝜀𝜀𝑜𝑜)‖
�𝛹𝛹1𝑧𝑧 + 𝛹𝛹2𝑧𝑧�,𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 
𝑘𝑘𝑧𝑧�𝑥𝑥𝑧𝑧� = −�𝑐𝑐𝑇𝑇𝐵𝐵𝑧𝑧�−1�𝑐𝑐𝑇𝑇𝐴𝐴𝑧𝑧𝑥𝑥𝑧𝑧 − 𝑐𝑐𝑇𝑇𝐴𝐴𝑠𝑠𝑧𝑧 𝑥𝑥𝑠𝑠𝑧𝑧 − 𝑐𝑐𝑇𝑇𝐵𝐵𝑠𝑠𝑧𝑧𝑟𝑟𝑧𝑧�, 
𝛹𝛹1𝑧𝑧 = ��𝑐𝑐𝑇𝑇𝐸𝐸𝑧𝑧1𝑥𝑥𝑧𝑧�� + �𝑐𝑐𝑇𝑇𝐵𝐵𝑧𝑧𝜀𝜀𝑜𝑜𝑘𝑘𝑧𝑧�𝑥𝑥𝑧𝑧��, 
𝛹𝛹2𝑧𝑧 = ��𝑐𝑐𝑇𝑇𝐸𝐸𝑧𝑧2(1 + 𝜀𝜀𝑜𝑜)𝑘𝑘𝑧𝑧𝑥𝑥𝑧𝑧� + �𝑐𝑐𝑇𝑇𝐵𝐵𝑧𝑧𝜌𝜌𝑜𝑜� + �𝑐𝑐𝑇𝑇𝐸𝐸𝑧𝑧2𝜌𝜌𝑜𝑜� + �𝑐𝑐𝑇𝑇𝐸𝐸𝑧𝑧1𝑥𝑥𝑠𝑠𝑧𝑧� +
�𝑐𝑐𝑇𝑇𝐸𝐸𝑠𝑠𝑧𝑧2𝑟𝑟𝑧𝑧��,                   (43) 
so as the tracking error 𝑥𝑥� = 𝑥𝑥 − 𝑥𝑥𝑠𝑠 based on the earlier proof of authors will 






Experimental Set Up and Image Processing 
An Arduino based motor driver is used to control the applied voltage and direction of 
the actuator according to the decisions made by the main control algorithm. The 
Arduino communicates with the running MATLAB code via an RS232 serial adapter. 
The control algorithm outputs the required voltage on a scale from 0 to 255 and the 
required direction as 0 or 1. This information is fed to the Arduino through the serial 
port. The Arduino adjusts its pulse width modulation (PWM) channel and output pins 
corresponding to the required velocity and direction. The motor driver outputs voltages 
according to the PWM and direction pin values of the Arduino. 
To obtain the position of the actuator in real time, MATLAB image processing is 
utilized. The actuator is printed in bright color due to original chitosan color. To make 
image processing feasible end-point position of the actuator is marked in red. The 
coordinates of end-point represent the location of the center of red mark on the 
actuator. These are fed into the control algorithm to make movement decisions. HD 
PRO WEBCAM C920 with image resolution of 3280*1845 pixel/frame is used to 
record the images with 30 fps. The image processing steps to extract the end-point 
position of actuator can be described as following order: 
 
 





• Images from the camera are imported into MATLAB at 0.1 s intervals (Fig. 
5(a)). 
• The imported RGB image is converted to greyscale (Fig. 5(b)). 
• Red component of image is isolated and subtracted (Fig. 5(c)). 
• A median filter is used to filter out noise. 
• The resulting greyscale image is converted to a binary image. 
• All pixels below 300 are removed to filter out unwanted red components (Fig. 
5(d)).  
• All connected components are then labelled. 
• Labelled region coordinates are obtained using ‘regionprops’ command.  
• The origin is moved to the origin of the cantilever (Fig. 5(e)).  
• Red component is bound inside a rectangular box (Fig. 5(e)). 
• Coordinates are superimposed on the original image for inspection (Fig. 5(f)). 




Fig. 5. Image processing steps for position extraction of actuator end-point. 
Experimental Results and Discussions 
To verify the performance of the end-point tracking of the 3D printed actuator, a series 
of experiments were conducted on the actuator under real conditions. First, some tests 
were carried out to estimate the actuator T-S model through WLS method with 
reference to experimental data. Then, different controllers were incorporated for robust 
position tracking of the 3D printed actuator end-point. 
It is impractical and time inefficient to measure all the frequencies within the 
bandwidth simultaneously. Also, knowing the low frequency behavior of 
polyelectrolyte actuators [40]. It justifies to capture the system models at frequencies 
of interest rather than full measurement bandwidth. Therefore, a low-voltage range of 
2.8– 8.0 𝑉𝑉 was applied across the thickness of the 3D printed actuator. The chirp signal 
input shown in Fig. 6 excited the actuator in frequency range of interest 
[0.01 𝐻𝐻𝑧𝑧, 11 𝐻𝐻𝑧𝑧] for 200 𝑠𝑠 at a sampling frequency of 25 𝐻𝐻𝑧𝑧. 
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It is important to note that the desired order of the model must be assigned before the 
optimization process is initiated. Since the actuation of polyelectrolyte actuator are 
typically limited to low frequency, the model order from two to four are tested. Finally, 
model order four was selected to ensure the accurate modelling of the system at the 
frequency ranges of interest. The obtained model using the proposed methods was 
compared with experimental results in Figs. 7 and 8. The results show the effectiveness 
of the proposed method in the identification of systems in the preferred frequency 
range. A (power spectrum density) PSD and phase plots of the output displacement 
shown in Figs. 7 and 8. The figures show that the bode plots of the system transfer 
function (solid lines) obtained from the PSD analysis and those from the WLS model 
(dashed lines) match very well within the frequency range of interest. It can be seen 
from the results that the PSD magnitude shown in the Fig. 7 decreases with respect to 
the increasing frequency due to the band-limited dynamics of the actuator. A low pass 
response is observed at low frequency while resonance behavior is observed near 
the 11 𝐻𝐻𝑧𝑧. 
 
Fig. 6. Input chirp signal for parameter identification of 3D printed actuator. 
In this study, we defined two rule based T-S models for the 3D printed actuator as: 




Rule 2: IF 5 < |𝑧𝑧(𝑡𝑡)| ≤ 8 THEN  �?̇?𝑥 = 𝐴𝐴2𝑥𝑥
(𝑡𝑡) + 𝐵𝐵2𝑢𝑢(𝑡𝑡)
𝑦𝑦 = 𝐷𝐷2𝑥𝑥(𝑡𝑡)
.              (44) 



















Using WLS method for input signals between 2𝑉𝑉 and 8𝑉𝑉, the uncertain transfer 
function of the actuator between the input voltage and output bending angle 
corresponding to the two zones linear systems are estimated as follows: 
𝐴𝐴1  =  �
−207 −138.4000 −7.5390 −0.8623
256 0 0 0
0 8 0 0
0 0 1 0
�  
𝐵𝐵1 = [1   0    0     0]𝑇𝑇  
𝐶𝐶1 = [2.9330   3.9170    0.4573    1.0020]  
𝐴𝐴2 =  �
−0.4526 −15.4300 −1.9720 −0.1145
16 0 0 0
0 1 0 0
0 0 0.1250 0
�  
𝐵𝐵2 = [1   0    0     0]𝑇𝑇  
𝐶𝐶2 = [0.0094   0.0488    0.1442     0.6250]                (45) 
 


















Optimised WLS model 8V 
Non-optimised models 











































Optimised WLS model 8V 
Non-optimised models 
Averaged experimental data 
 
Optimised WLS model 2V 
Non-optimised models 











The uncertain bounds 𝜀𝜀𝑜𝑜 = 0.5 and 𝜌𝜌𝑜𝑜 = 2 are assumed to be known. The sliding 
mode variable is prescribed as 𝑆𝑆(𝑡𝑡) = [52 21 1 1]𝑥𝑥� = 0. The extreme subsystems can 
be calculated as: 
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𝐸𝐸2 = 𝐸𝐸12 = 𝐸𝐸22 = [4   0    0     0]𝑇𝑇                   
(46) 
As shown in Fig. 10, the trajectory tracking using proportional–integral–derivative 
(PID) fails to follow the reference trajectory due to uncertainty of 3D printed actuator 
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attributed to back relaxation and mechanical properties degradation of actuator. 
However, after the extreme fuzzy subsystem idea is employed by defining 𝐸𝐸1 and 𝐸𝐸2, 
as shown in Fig. 10, good tracking performance is achieved.  
The experimental results reveal that the maximum tracking errors under the PID 
controller is nearly double that from the corresponding tests with using fuzzy SMC 
controller. Meanwhile, as it has been shown in Fig. 11, the fuzzy SMC controller does 
not require larger control input signals than the PID controller which is consistent with 
the main feature of polyelectrolyte soft actuators typically used for low-power 
consumption applications. 
Also, the position tracking error and velocity tracking error for the closed-loop system 
are displayed in Fig. 12. From the results it can be seen that unsurprisingly the velocity 
tracking error is greater when the reference signal abruptly changes while it is still 





















Fig. 9. Actuation snapshots of actuator.
 
Fig. 10. Actuation snapshots of actuator. 
 
Fig. 11. Control effort input to the actuator. 






















































Fig. 12. Velocity versus position tracking error of actuator. 
Conclusion 
Control of a recently developed 3D printed soft polyelectrolyte actuator was the prime 
intention of this paper. Having printed a soft polyelectrolyte actuator, it was observed 
that the output predicted through the linear transfer function model deviated 
significantly from the experimental output. One reason for modelling errors was 
attributed to the un-modelled nonlinearities such as the hysteresis and back relaxation 
demanding a robust feedback controller. Therefore, a robust SMC was developed for 
end-point position tracking of a 3D printed soft actuator in line with T-S fuzzy systems 
modelling. The controller used was compared with a conventional PID controller 
through experimental tests under real conditions. It was shown that the fuzzy SMC 
achieved a very fast response with reasonable end-point position tracking control with 
acceptable control effort as opposed to PID controller and open-loop 3D printed 
actuator system. 
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Chapter 8. SUMMARY AND FUTURE DIRECTIONS 
 Summary of Thesis Findings 
This final chapter will summarize the key findings of this doctoral program of research. 
It also outlines the future directions in the evolving field of 3D printed soft robotics 
and actuators. 
Soft robotics is a rapidly growing field of research that encompasses emerging 
advances in fabrication, modelling, and performance control in responsive and 
functional objects with the focus of application in fragile biological environments. 
Recently, there has been a paradigm shift from mass production to mass customization 
with increasing attention to 3-dimensional (3D) printing. The concept of 3D printing 
is a response to an ever-increasing demand for rapid and reproducible prototyping of 
custom designed structures with complex geometries. Incorporating 3D printing into 
soft robotics facilitates customization of their function by strategic design of functional 
materials in a way which may not be accessible by conventional manufacturing 
methods. Particularly soft actuators made in this way can be actively or passively 
programmed to conform to their surroundings with many degrees of freedom.  
The main idea of this doctoral program is initiated based on two entities of soft 
actuators and 3D printing. The backgrounds of 3D printing technology and soft 
actuators introduced in the beginning of chapter 1 led to possibility of merging these 
two entities into concept of ‘3D printed soft actuators’ which this thesis is based upon. 
In response to the research question referred to earlier, this thesis presents a novel 
study for 3D printing of soft actuators with custom geometrical, functional, and control 
properties. The thesis has addressed this question and the corresponding objectives in 
eight chapters as a pioneering study to custom design and motion control soft actuators 
made by a one-step fabrication process using the 3D printing technology. Studying the 
current research outputs and scientific papers at the time revealed the need of a 
comprehensive study that systematically aggregate the 3D printing of soft actuators as 
a new pathway in soft robotics for the first time. This resulted in a systematic review 
that is aimed to provide researchers and engineers with new insights and research 
concepts associated with the use of 3D printing technology for developing soft 
actuators with applications in soft robotics. Hence, in Chapter 2, an in-depth 
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investigation into the current 3D printed soft actuators including common processes 
used in printing of actuators, existing mechanisms used for stimulating the actuators, 
materials used to form the actuators, applications of the actuators, and discussions on 
the characteristics of the actuators, are presented. The author classified the current 3D 
printed soft actuators into two main groups namely “semi 3D printed soft actuators” 
and “3D printed soft actuators”. Semi 3D printed soft actuators are constructed from 
several separate parts that are printed and then assembled together including other non-
printed components at the final process of manufacturing. Some fiber embedded, shape 
memory alloy (SMA), hydraulic and pneumatic soft actuators are categorized in this 
class. 3D printed soft actuators are more sophisticated and have potential to make a 
breakthrough in the field of soft robotics. The whole fabrication process is done only 
by means of 3D printers, and the actuators can be fabricated in a single step process 
by smart materials that are programmed, controlled and activated by external stimulus 
like heat, moisture, light, electric or magnetic field. This classification helps to clarify 
the advantages of 3D printed soft actuators over the semi 3D printed soft actuators due 
to their capability of operating without the need of any further assembly. It is 
concluded that the hydrogels are appropriate materials that can be used in fabrication 
of 3D printed soft actuators due to possessing traits of both printability and stimuli 
responsiveness. Also, infrared light and electrical stimuli outweighed other stimuli 
types in terms of suitability for remotely and fast controlling purposes respectively. 
The main advantages of hydrogel compared to conventional counterparts are the high-
water content that mimics natural tissue environment, shape memory character and 
controllable sol-gel transition. Therefore, a further study systematically narrowed the 
review to previous studies on 3D printed hydrogel soft actuators. The second review 
paper provides a more detailed insight into developing hydrogel soft actuators using 
the 3D printer technology. Investigating 3D printed hydrogel soft actuators in terms of 
their fabrication process and external stimuli responsiveness for control aspects 
revealed polyelectrolyte hydrogels as prime candidates for self-bending as muscle like 
soft actuators that respond to time lapse and intensity of infrared (IR) light and 
electrical stimuli. These finding accomplished the first objective of thesis to identify 
appropriate materials and stimuli for 3D printed soft actuators. Thus, the thesis 
continues in two different pathways of studying that are, IR light stimulated 3D printed 
self-folding soft actuators in Chapter 3 and electrical stimulated 3D printed 
polyelectrolyte soft actuators in Chapters 4-7. 
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Throughout the thesis, all the 3D printed soft actuators are designed and printed by 
using a 3D Bioplotter, which is used due to its high flexibility for accommodating a 
broad variety of materials, specifically polymers and hydrogels as printer inks, 
compatibility with 3D computer aided design (CAD) drawing, and capability to 
fabricate porous and complex geometries. All the 3D printed models are developed in 
Solidworks (Dassault Systemes SolidWorks Corporation, Velizy, France) and 
specimens printed without any support material. Then, different aspects in processing 
and post-processing are investigated to improve the quality of the produced samples.  
Chapter 3 focuses on developing and bending control of a 3D printed self-folding 
mechanism that can quickly respond to IR light stimulus. In the first paper presented 
in this chapter a 3D-printing-based fabrication approach for building the self-folding 
actuator is developed. As discussed in Chapter 2, IR light is found to be a suitable 
stimulus enabling 3D printed soft actuators to be controlled remotely. Emitting light 
from a distance leads to folding without human intervention, which is appealing for its 
simplicity in converting 2D patterning of inexpensive materials into 3D objects using 
only light. Various factors such as different hinge widths and the onset temperature 
are observed to influence the folding angle and the speed of folding. The experimental 
results verified the effectiveness of the presented design and fabrication method for 
building self-folding structures with controlled folding behavior. 
Pattern-driven 4-dimensional (4D) printing idea builds on the earlier findings in 
Chapter 3. In the second paper of this chapter, a pattern-driven 4D printing of a 
commercial thermoplastic, pre-strained polystyrene (PS), is presented by using 
different 3D printed patterns and number of layers. This paper deepens the previous 
study by introducing intricate patterns by 3D printing and parametric modelling of 
self-bending actuator. IR light stimulus is used to induce differential shrinking through 
the thickness of the actuator’s hinge. Thermal response of the printed actuator hinge 
when exposed to IR irradiation is experimentally studied and analyzed by finite 
element analyses (FEA). To estimate the bending behavior of the actuator, an 
analytical model for both elastic and plastic angles is developed. The corresponding 
coefficients relating the bending of actuator to the printed patterns are extracted via 
experimental trials. The experimental results showed good agreement with model 
predictions and verified the effectiveness of the presented model to control the actuator 
bending. It is demonstrated that the bending angle could be programmed by controlling 
the 3D printing parameters such as the pattern and the number of layers. The 
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contribution of 3D printing is found to be significant since the different patterns and 
number of layers of printed hinges have significant influence on the bending angle of 
actuators. The present model can also be used for different shape memory polymer 
(SMP) and printing ink materials by repeating the experiments and generating new 
coefficients of the created model. Chapter 3 findings addressed second, third, and 
fourth objectives of thesis pertain to IR light stimulated self-bending 3D printed soft 
actuators. 
Chapters 4 - 7 answer the objectives of thesis associated with electrical stimulated 3D 
printed polyelectrolyte soft actuators.  
In the first paper of Chapter 4, chitosan is chosen as a biocompatible and widely 
available hydrogel to prove the concept of polyelectrolyte hydrogel actuator 
fabrication using 3D printing for the first time. The reversibility of the motion of this 
soft actuator through polarity changes of electrodes is shown in the electrolyte 
solution. The effects of geometry on the functionality of actuator in the presence of 
identical input voltage is studied. Various lengths, widths, and thicknesses are 
considered for a constant step input to investigate the effects of actuator length on 
maximum bending. It is shown that the 3D printed actuator exhibit improved 
maximum deflection magnitude and rate compared to the cast film actuator. It is 
observed that the thickness and the length of the actuator are the most influential 
geometrical factors on the deflection of the printed actuator whereas the width of the 
actuator has no significant impact like the cast actuator. The increase of surface to 
volume ratio made by 3D printing improved the deflection rate and magnitude of 
maximum deflection compared to cast actuator with the same size. The systematic 
characterization study in this paper highlighted the contribution of combined factors, 
especially lattice porosity induced by 3D printing in the actuation performance of the 
3D printed soft actuator. Therefore, a study to establish a way for optimizing the 3D 
print parameters was perceived as necessary. The author sought to determine and 
clarify the extent to which the print parameters affect the quality of printed strand and 
porosity of 3D printed actuator, which consequently influence the performance of 
actuator. The second paper of Chapter 4 mainly focuses on finding the optimum 
printing parameters to achieve best shape fidelity of printed polyelectrolyte actuator 
hydrogels. Printing accuracy is defined by quality of printed strand that is 
consequential to shape fidelity and refers to strand width here. Several experiments 
were conducted to study the relation among printing variables and quality of printed 
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strand, where the objective was to achieve the optimum line width of hydrogel strand 
(closest to needle diameter) with the minimum extrusion pressure and nozzle velocity. 
Finally, the printing setup and parameters for layer-by-layer fabrication of the 
polyelectrolyte chitosan hydrogel actuator were optimized after rigorous testing 
considering 3D printing factors.  
The second task of this paper was to compare the actuation performance of two 
different 3D printed polyelectrolyte soft actuators, but the analysis was hampered by 
impractical 3D printing of gelatin with the same technique used for chitosan with 
current 3D Bioplotter. This can be attributed to thermoresponsive trait of gelatin with 
a melting point is 37℃, and it becomes gel at 25℃. Therefore a printed gelatin droplet 
on the printed stage would spread before solidification and the resulting material could 
not really be considered as 3D printed due to lack of distinctive structure and porosity. 
In other words, the printed gelatin did not remain intact but spread due to low viscosity 
before solidification. Indeed, a Peltier device that can control temperature of the impact 
point on the platform can be investigated as a future investigation on gelatin printing. 
Therefore, casting method for fabrication of gelatin actuator was used in this study. 
Having established the optimum parameters of 3D Bioplotter, the porous chitosan 
beam was printed and tested against cast chitosan and cast gelatin. It was shown that 
3D printing improved the maximum deflection, and the deflection rate compared with 
cast film gelatin as well as cast film chitosan. Chapter 4 completely addressed the 
second objective and part of third objective of thesis namely to investigate the 
printability of the responsive materials by adjustment of the 3D printer parameters and 
to characterise the actuation behaviour of 3D printed soft actuators.  3D printing 
parameters that are identified and optimized in this chapter are used throughout the 
remainder of this thesis for fabrication of soft actuators. 
The results and analyses from previous chapters prove the initial concept of this 
doctoral program outlined earlier with realizing both IR light stimulated 3D printed 
self-folding soft actuators and electrical stimulated 3D printed polyelectrolyte soft 
actuators. While characterization, modelling, and bending control of IR light 
stimulated 3D printed self-folding soft actuators is entirely achieved, more areas were 
determined to explore in electrical stimulated 3D printed polyelectrolyte soft actuators. 
In order to achieve a more elaborate contributions of 3D printing to more sophisticated 
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custom-design soft robots, including mathematical modelling, kinematics, dynamics, 
and predicting the motion of the actuator, further work is done in Chapter 5.  
Chapter 5 presents a paper that for the first time describes developing a parallel soft 
actuator by using two different 3D printers. In this chapter, a 3D printed contactless 
soft parallel actuator was developed and modelled. The actuator links were printed 
using an extrusion-based 3D Bioplotter with polyelectrolyte hydrogel as printer ink. 
The rigid links were also printed by a 3D fused deposition modelling (FDM) printer 
with acrylonitrile butadiene styrene (ABS) as print material. The kinematics model of 
the soft parallel actuator was derived via transformation matrices notations to simulate 
and determine the workspace of the actuator. It was observed that the electroactive 
actuator demonstrated expected behavior according to the simulation of its kinematics 
model. This chapter completes the third objective of this thesis which is to characterise 
the actuation behaviour of 3D printed soft actuators, while the use of 3D printing for 
the fabrication of parallel soft actuators opens new grounds in manufacturing 
sophisticated soft actuators with high dexterity and mechanical robustness for 
biomedical applications such as cell manipulation and drug release. 
The previous section identified that the time lapse and strength of electrical stimulus 
are contributing and controllable factors that can be utilized to predict and control the 
bending of 3D printed polyelectrolyte soft actuators. Chapters 6 and 7 consider 
modelling and control of 3D printed polyelectrolyte soft actuators in response to 
fourth/last objective of this thesis. The following chapter describes methods used 
specifically for the system identification and modelling purposes of 3D printed 
polyelectrolyte soft actuators. 
In Chapter 6, an appropriate method for predicting the 3D printed actuator behavior 
was sought and implemented in a control oriented modelling approach for 3D printed 
polyelectrolyte soft actuators. Initially a linear transfer function of the 3D printed soft 
actuator was developed to estimate the actuator behavior at different voltage signals. 
The earlier experimental results proved that merely a linear transfer function does not 
suffice to reflect the behavior of the 3D printed soft actuator due to parametric 
uncertainties of such actuators, which originate in time and voltage variant 
characteristics of polyelectrolyte actuators. Therefore, Takagi-Sugeno (T-S) fuzzy 
model was employed for a better presentation of actuator model in a range of voltage 
variations. The proposed model was successful in estimation of the end-point 
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trajectory of the actuator especially in response to a broad range of input voltage 
variation. The experimental results showed improved performance obtained by using 
T-S fuzzy model compared to linear transfer function at different voltages. The 
developed model could be used for other 3D printed soft actuators with custom design 
geometries due to its scalability. 
The second paper of Chapter 6 continues the theme by advancing the model of 3D 
printed polyelectrolyte actuators through incorporating FEA to T-S model established 
earlier in the first paper of this chapter. A rigid elements dynamic modelling of a 3D 
printed actuator was designed for dynamic analysis of a 3D printed polyelectrolyte 
actuator undergoing large bending deformations. In the rigid finite element method 
employed, each element was assigned with a local coordinate frame to its first node 
considering the rotation of the first node. Due to the localized description of the 
elements, axial motion of the element due to large rotations can be described more 
accurately. It was shown that using three elements adequately described the dynamics 
of the 3D printed actuator considered in this study. This modelling scheme can be 
useful when designing a controller for a multi-segment 3D printed actuator with large 
deformations and especially when discretized volumetric pixel can be incorporated 
into the structure of soft actuators and soft robots by 3D printing. 
Chapter 6 had the aim of predicting the behavior of 3D printed polyelectrolyte soft 
actuators. However, uncertain models identified in the preceding chapter combined 
with custom-design nature of 3D printing can contribute to a non-scalable model. 
Therefore, feedback control of such actuators are required to achieve all the objectives 
of this thesis and developing a reliable control strategy is deemed necessary for 
predictable applications of these 3D printed actuators. The following chapter further 
investigates efficient methods that control bending of such actuators. 
Chapter 7 consists of a paper that focuses on the control aspect of the 3D printed soft 
polyelectrolyte actuator. Having printed a soft polyelectrolyte actuator, it was 
observed that the output predicted through the linear transfer function model deviated 
significantly from the experimental output. One reason for such deviation was 
attributed to the un-modelled nonlinearities such as the hysteresis and back relaxation 
demanding a robust feedback controller. Therefore, a robust sliding mode control 
(SMC) was developed for end-point position tracking of a 3D printed soft actuator in 
line with T-S fuzzy systems modelling. The controller used was compared with a 
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conventional proportional-integral-derivative (PID) controller through experimental 
tests under real conditions. It was shown that the fuzzy SMC achieved a very fast 
response with reasonable end-point position tracking control with acceptable control 
effort as opposed to PID controller and open-loop 3D printed actuator system. 
 
 Future Directions 
This thesis has proved the capabilities of using 3D printing in the fabrication of soft 
actuators, and then moved beyond this concept through fabricating, characterizing, 
modelling and controlling the 3D printed soft actuators. Yet, there are still some 
avenues for developing and modelling new 3D printed soft actuators with 
considerations of environmental effects. The details of potential future research 
directions are listed in the following.  
• Investigation on the hibernation state of 3D printed polyelectrolyte soft 
actuators when dried and returned into electrolyte can be a prospect research direction. 
• Dynamics modelling of such actuators in real world such as efficient model 
order reduction or inverse dynamics modelling are current techniques that could be 
elaborated further. 
• With the use of 3D scanners, the processing time of fabricating a 3D printed 
soft actuator, e.g. prosthetic finger, could be significantly reduced while recreating the 
unconventional and sophisticated geometries. 
• Energy generation of cardiomyocytes to power contactless electrode soft 
actuators may be an interesting domain of future research. 
• As future work, other biodegradable materials, i.e. polylactic acid may be used 
for rigid links to offer a fully biodegradable actuator. A dynamic model of the soft 
actuator could be developed to consider the forces in the fluid and solid interaction 
model. Also, the models can be used for the design of advanced control systems, which 
will lead to robust position control of the soft 3D printed parallel actuator in the fluidic 
environment as the cell medium. 
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• Soft actuators fabricated by 3D printing still need more improvement to find 
their place in daily activities in real life. Developing new materials with processing 
and printing capabilities is a crucial way to reach to that aim. 
• Machine learning and finite element analysis techniques can be employed to 
implement topology optimization of geometry of actuators and further train and 
optimize the required sensing and actuation signals to create precise shape 
deformations based on varying physical phenomena such as size, texture, and 
temperature of 3D printed soft actuator and its biological environment. 
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